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Abstract
The unusual one-dimensional properties of phonons in crystalline arrays of carbon
nanotubes is presented. The main technique for probing the phonon spectra is Raman
spectroscopy and the many unique and unusual features of the Raman spectra of
carbon nanotubes are highlighted. Various features of the first-order Raman spectra
are emphasized, with regard to their 1D behavior and special characteristics, such as
the radial breathing mode, and the tangential G-band (1600cm-') associated with
carbon atom displacements on the cylindrical shell of the nanotube (C-C stretching
motion of the atoms). The strong coupling between electrons and phonons in this
one-dimensional system furthermore gives rise to highly unusual resonance Raman
spectra, and unique features in the Stokes and anti-Stokes Raman spectra.
The Raman tangential G-band feature associated with semiconducting nanotubes
have a different characteristic lineshape than those associated with metallic carbon
nanotubes. The differences in the electronic density of states of metallic nanotubes
relative to semiconducting nanotubes leads to differing resonance behaviors, thus re-
sulting in differing lineshapes in the tangential G-band region of the Raman spectrum.
A diameter selective resonance process allows resonant enhancement of the Raman
tangential G-band for the metallic nanotubes in a narrow range of laser excitation
energies for a sample of nanotubes with a narrow distribution of diameters.
The anti-Stokes Raman spectra of single-wall carbon nanotubes (SWNTs) are
unique relative to other crystalline systems, especially in exhibiting large asymme-
tries with regard to their corresponding Stokes spectra. This asymmetry is due to
the unique resonant enhancement phenomena arising from their one-dimensional elec-
tronic (1D) density of states. The anti-Stokes spectra are therefore selective of specific
carbon nanotubes, as previously reported for the Stokes spectra, but the anti-Stokes
spectra are selective of different single wall nanotubes than for the corresponding
Stokes spectra at a given laser excitation energy Elaser. The unique behavior of the
anti-Stokes spectra for the first-order tangential modes, which allow accurate iden-
tification of the range of Easer where metallic nanotubes contribute to the resonant
Raman spectra, is discussed. A detailed Breit-Wigner-Fano lineshape analysis of the
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tangential G-band features attributable to metallic carbon nanotubes is presented.
Only two components are needed to account for the entire G-band, both with pre-
dominantly A (Alg) symmetry, and the nanotube curvature callses the differences in
their frequencies and gives rise to the Breit-Wigner-Fano coupling.
Analysis of the second-order resonant Raman spectra of single-walled carbon nan-
otubes using different laser energies ill the range 1.58-2.71 eV is presented. Major
emphasis is given to the overtones and combination modes associated with the two
dominant features of the first-order spectra, the radial breathing mode and the tan-
gential mode. Both of these modes, as well as their second-order counterparts, are
associated with resonant enhancement phenomena arising from electron-phonon cou-
pling to the unique one-dimensional density of electronic states for the single-wall
carbon nanotubes. Overtones, combination modes, and the behavior of the D band
and G' band in the Stokes and anti-Stokes spectra are also discussed briefly. Com-
parison between the Stokes and anti-Stokes spectra show that the resonance Raman
process is stronger for metallic than for semiconducting nanotubes.
The surface-enhanced resonant Raman scattering (SERRS) spectra of single-walled
carbon nanotubes (SNWNTs) adsorbed on silver and gold metal island films and on
colloidal silver cluster substrates were investigated using different laser excitation
wavelengths. The observed enhancement in the SERRS signal of the SWNTs results
from: (1) an "electromagnetic" SERS enhancement due to resonances between optical
fields and the electronic excitations in the metallic nanostructures, (2) a "'chemical"
SERS enhancement due to the interaction between the SNTs an(l the metal sur-
faces, and (3) a selective resonance Ramrran effect between the incidellt and scattered
photons and electronic transitions between the D van Hove singularities in the lec-
tronic density of states of metallic and semicon(lducting nanotubes. We have observed
(:hanges in the relative intensities and shifts in the peak freqllencies of several vibra-
tional modes of the SWNTs upon adsorption on a metal sulrface. which indicate a
specific interaction of the nanotubes with the mnetal surf:ace. Chllanges in the resonant
Raman spectra due to interaction with the silver or gold surfaces are al)parent in the
second-order Raman bands, especially in the (iislpersive features. such as the second-
or(lder Raman G' band, which ulpshifts in the SERRS spectra relative to the resonant
Raman scattering (RRS) spectra, providing evidence of a, significant perturbation of
the elec(tronic levels for the adsorbed( nanotlbes. In addition, tlhe SER R.S spectra show
an additional enhancement of the Ramlan signal for slpecific featulres in the vibrational
spectra of the metallic( nanotlbes, in contrast to the case for the sermlicon(lIictinIg nan-
otllbes for which the normal RRS an(l SERRS spectral l)rofiles are very similar. These
results can be rationalized in terms of a specific charge--transfer enhanc(ement effect
for the metallic nanotllbes. The srface-enhanced Raman spectroscopy stlludies show
that the coupling, which results in the Breit---Wigner- Fano lineslhape of soni of the
R.anlma features associated( with nmetallic tlanot,llles, is to a srface I)lasliloll )ased(
electronic continuum.
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Chapter 1
Introduction
Carbon nanotubes provide a remarkable model one-dimensional (1D) system of car-
bon, due to their very high aspect ratios (nanometers in diameter and microns in
length). The single-walled nanotubes (SWNTs) used in this study are hollow cylinders
with walls only one atom thick, with about 20-50 carbon atoms around the circumfer-
ence, and capped at the ends. The nanotubes possess properties that both mirror and
contrast bulk graphite. In fact, many of their physical and electronic properties were
predicted based on the zone-folding technique applied to the graphene sheet, which
is a single layer of crystalline graphite. The one-dimensionality of carbon nanotubes,
however, causes them to exhibit electronic and vibrational properties that make them
unique relative to other sp2 carbons. They also exhibit the remarkable property that,
depending on the nanotube diameter and orientation of the hexagons of the nan-
otube structure with respect to the nanotube axis, they can be either metallic or
semiconducting. The vibrational properties are also remarkable, since the nanotube
cylinder can support vibrations that are not found in graphite (such as a breathing
mode where all the atoms vibrate radially). The SWNTs also exhibit remarkable Ra-
man spectra which provide a wealth of information about the D electronic density of
states through a strong resonant coupling between the incident and scattered photons
and the electronic transitions between the van Hove singularities in the D density of
states in the valence and conduction bands of the nanotubes. Raman spectroscopy,
in fact, turns out to be a very powerful tool for studying not just the vibrational
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properties but also the strong coupling between electrons and phonons in the nan-
otubes, resulting in highly unusual resonance behavior of the spectra. In this thesis,
I will describe how much rich information I have gained from the carbon nanotubes
through using resonance Raman spectroscopy as my principal investigative tool.
Chapter 2 briefly reviews the basic structure and notation used to describe single-
walled carbon nanotubes (SWNTs), followed by a description of the unique 1D elec-
tronic and vibrational characteristics of the carbon nanotubes. Chapter 3 describes
the general theory of light scattering under pre-resonant and resonant conditions and
the Raman lineshapes (Lorentzian oscillators versus Breit-Wigner-Fano interaction
lineshapes) that will be used in the analyses of the spectra. In Chapter 4, I will
present first-order Raman spectra in the Stokes spectrum from the three samples of
carbon nanotubes (with different diameter distributions) that I used for the study,
where comparisons of their resonant R.aman response yields valuable information
about their 1D and 2D behavior, with particular emphasis given to the high frequency
(-1600cm- 1 ) tangential G-band feature attributed to semiconducting single-walled
carbon nanotubes. The results presented in Chapter 4 do not allow any definitive pro-
nouncements about the tangential G-band features attributed to metallic nanotllbes,
because I was never able to obtain the contributions from metallic nanotubes alone.
In taking advantage of an unusual asymmetry between the Stokes and anti-Stokes Ra-
man tangential G-band spectra (presented in Chapter 5) where we are able to collect
the Raman spectra from only metallic carbon nanotubes, I will show how we begin
to see differences in the strength of the electron-phonon coupling of the metallic nan-
otubes as compared to the semiconducting ones. The Breit-Wigner-Fano lineshape,
which describes a discrete line interacting with a continuum, will prove to best fit
the Raman bands from the metallic nanotubes. However, these experiments do not
allow a definitive determination to be made of the interaction mechanism, whether it
is between the G-band phonon and a multiphonon continuum or an electronic con-
tinuum. This study also points out the importance of the (Stokes and anti-Stokes)
Raman scattered photon in causing completely different carbon nanotubes to con-
tribute resonantly to the Raman spectra at a given laser excitation energy. Study
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of the second-order Raman spectrum in Chapter 6 will give further evidence for this
increased electron-phonon coupling for the metallic nanotubes. The results of surface-
enhanced Raman spectroscopy experiments performed will be described in Chapter
7, where I am finally able to identify the source of the continuum as a collective ex-
citation of the free carriers that populate the Fermi level of the metallic nanotubes.
Chapter 8 will summarize all of the information I have gained about the carbon nan-
otubes throughout the resonant Raman studies, and will point out future directions
for research study in this field.
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Chapter 2
Carbon Nanotubes
2.1 Introduction
This chapter provides an introduction to the structure and electronic and vibrational
properties of carbon nanotubes. Many of the properties of single-walled carbon nan-
otubes were derived from simple zone-folding of the electronic and phonon dispersion
relations of 2D graphite [29, 102]. I will first briefly review the electronic properties
of graphite, where the dispersion relation can be calculated using the tight-binding
method [102]. I will then introduce the notation used to describe the carbon nanotube
structure, show how this is related to the graphene sheet, and describe the nanotube
electronic and phonon dispersion relations. I will also describe some experiments that
have been carried out that confirm the predicted electronic density of states of the
carbon nanotubes.
2.1.1 2D Graphite
The 2D electronic energy dispersion relations of a 2D graphene sheet (a single layer of
the crystalline graphite lattice) are calculated [102] by solving the eigenvalue problem
for a (2 x 2) Hamiltonian 1t and a (2 x 2) overlap integral matrix S, associated with
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the two distinct A and B atom sites in 2D graphite,
--- = ( 2p tf(k) and S = fk sfk (2.1)
tf(k)* 2p sf (k)
where t and s denote the transfer integral and overlap integral, respectively, 2p is the
site energy of the 2p atomic orbital and
f(k) =eika/v'l + 2e-ika1/2cos ka (2.2)
2
Here a = 0xac-c (where ac-c is the nearest-neighbor C-C distance [1.421 in
graphite]). Solution of the secular equation
det(-H - ES) = 0 (2.3)
implied by Eq. (2.1) leads to the eigenvalues
E9 2 D(k) = ) (2.4)1 ± sw(k)
for t < 0, where the + signs in the numerator and denominator go together, to give
the dispersion relation for the bonding r energy band, and likewise for the - sign,
which gives the dispersion relation for the antibonding r* band. If t > 0 in Eq. (2.4),
then the ± in the numerator becomes . The function w(k) in Eq. (2.4) is given by
i(k) = Ikf)(ki)2
/ J~kza kya kya (2.5)
- + 4cos cos2 + 4 cos2 22 2 2
Figure 2-1 shows the unit cell and Brillouin zone of the 2D graphene sheet, and in
Fig. 2-2 we plot the electronic energy dispersion relations frr 2D graphite as a function
of the two-dimensional k values in the hexagonal Brillouin zone.
Near the K-point at the corner of the hexagonal Brillouin zone of graphite, w(k)
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Figure 2-1: (a) The unit cell and (b) Brillonin zone of two-dimensional graphite
are shown as the dotted rhombus and the shaded hexagon, respectively. a,, and
bi, (i = 1, 2) are basis vectors and reciprocal lattice vectors. respectively. Energy
lispersion relations are obtaine(l along the perimeter of the (lotted triangle connecting
the high symmetry points, F, K and Al.
has a linear dependence on k Ikl measure(l from the K p)oint as
uw(k) = -~Lka + for ka < 1. (2.6)
2
Thus the expansion of Eq. (2.4) for small k yields
E2,)(k) = +2p ± (Itl - sf2j,)'W(k)+... (2.7)
so that the antibonding antl bonding bands are symmetric near the hK point. ind(e-
pendent of the value of s. When we adopt f2p = 0 and s = 0 for Eq. (2.4) and ssullme
a linear approximation for w(k), then o = -t (where y7 is the 7r - 7r overlap energy)
and we get the linear dispersion relation for graphite given )y McClure [75],
V3- 3E(k) = +-yoka = ±-+okac:, (2.8)
2 2
where ac-c is the nearest neighbor carbon-carbon distance. If the physical phenom-
ena under consideration only involve small k vectors, it is convenient to use Eq. (2.8)
to calculate the electronic transition energies. The experimental value of Yo for 3D
graphite is 3.16 eV [30], but the value for carbon nanotubes was only recently estab-
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Figure 2-2: The energy dispersion relations for the r and 7r* bands in 2D graphite
are shown throughout the whole region of the Brillouin zone. The inset shows the
energy dispersion along the high symmetry directions of the 2D Brillouin zone [103].
lished to be 2.9±0.2 eV[24], through comparison of the results of various experiments
including scanning tunneling microscopy/spectroscopy [124] (shown in Fig. 2-12) and
results from the comparison of the resonant Raman spectra of two different diameter
distributions of carbon nanotubes (see Chapter 4).
2.1.2 Structure and Notation
A single wall carbon nanotube (SWNT) can be conceptualized as a single graphene
sheet, one atom thick, composed of a honeycomb arrangement of carbon atoms, that
is rolled up into a seamless cylinder [26]. Figure 2-3 shows how this rectangle of
the graphene sheet can be oriented (relative to the hexagons in the honeycomb) to
produce the many different types of nanotubes. We first specify the chiral vector
(Ch) for the nanotube:
Ch = nal + ma2 = (n, m) (2.9)
where the vectors a and a2 are lattice translation vectors for graphite. The two
numbers n and m can take on integer values, and describe the vector Ch which
connects two crystallographically equivalent sites O and A on the two-dimensional
(2D) graphene sheet where a carbon atom is located at each vertex of the honeycomb
structure [28]. The length of the translation vector T is determined by traveling away
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Figure 2-3: The unrolled honeycomb lattice of a nanotube. When we connect sites O
and A, and sites B and B', a nanotube can be constructed. OA and OB define the
chiral vector Ch and the translational vector T of the nanotube, respectively. The
rectangle OAB'B defines the unit cell for the nanotube. The figure is constructed for
an (n, m) = (4, 2) nanotube.
from point O (at right angles to vector Ch) until you reach an equivalent lattice site
to O (point B). A seamless cylinder joint of the nanotube is made by joining the line
OB to the parallel line AB' in Fig. 2-3. In terms of the integers (n, m), the nanotube
diameter dt is given by
dt = ChTr = V3ac_c(rn2 + mn + n2)t/2/7 (2.10)
where Ch is the length of the chiral vector Ch, and the chiral angle 8 is given by
0 = tan- 1 [vf3m/(m + 2n)]. (2.11)
When the angle 0 is zero (see Fig. 2-3), then the result is called a zigzag nanotube;
and when is 30° , then it is called an armchair nanotube. Any angle of 0 in between
these two extremes gives rise to chiral nanotubes. Figure 2-4 shows the different type
of carbon nanotubes. The vector Ch connects two crystallographically equivalent
sites O and A on the two-dimensional (2D) graphene sheet where a carbon atom is
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Figure 2-4: Schematic models for single-wall carbon nanotubes. (a) an "armchair"
(n, n) nanotube, (b) a "zigzag" (n, 0) nanotube, and (c) a "chiral" (n, rn) nanotube
(n m) [29].
located at each vertex of the honeycomb structure [28]. Thus, a nanotube can be
specified by either its (n, m) indices or equivalently by dt and 0. Next we define the
unit cell OBB'A of the 1D nanotube in terms of the unit cell of the 2D honeycomb
lattice defined by the vectors al and a2 (Fig. 2-3).
In Fig. 2-1 we show (a) the unit cell and (b) the Brillouin zone of two-dimensional
graphite as a dotted rhombus and shaded hexagon, respectively, where al and a 2 are
basis vectors in real space, and bl and b2 are reciprocal lattice basis vectors. In the
x, y coordinates shown in the Fig. 2-1, the real space basis vectors al and a2 of the
hexagonal lattice are expressed as
a] =( -a, 2 , a 2 -( a,- 2 (212)
where a = all = la21 = 1.42 x = 2.46 A is the lattice constant of two-dimensional
graphite. Correspondingly the basis vectors bl and b2 of the reciprocal lattice are
given by:
( = 27r 2 b2 =(27r - 2(2.13)V3 a'- I = a'
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corresponding to a lattice constant of 47r/va in reciprocal space. The direction of
the basis vectors bl and b2 of the reciprocal hexagonal lattice are rotated by 30° from
the basis vectors al and a2 of the hexagonal lattice in real space, as shown in Fig. 2-
1. Here we define the three high symmetry points, r, K and M as the center, the
corner, and the center of the edge, respectively. The energy dispersion relations are
calculated for the triangle FMK shown by the dotted lines in Fig. 2-1(b).
To define the unit cell for the 1D nanotube, we define OB in Fig. 2-3 as the shortest
repeat distance along the nanotube axis, thereby defining the translation vector T
T = tlal + t2a 2 -- (t, t2) (2.14)
where the coefficients t and t2 are related to (n, m) by
tj = (2m + n)/dR
(2.15)
t2 = -(2n + m)/dR
and dR is the greatest common divisor of (2n + m, 2m + n) and is given by
d if n - m is not a multiple of 3d
dR =- (2.16)
3d if n - m is a multiple of 3d,
in which d is the greatest common divisor of (n, m). The magnitude of the translation
vector T = ITI is
ITI = VL/dR (2.17)
where L is the length of the chiral vector Ch = 7rdt and dt is the nanotube diameter.
The unit cell of the nanotube is defined as the area delineated by the vectors T and
Ch. The number of hexagons, N, contained within the unit cell of a nanotube is
determined by the integers (n, in) and is given by
N = 2(m2 + n2 + nm) (2.18)
dR
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Figure 2-5: The Brillouin zone of a carbon nanotube is represented by the line segment
WW' which is parallel to K2. The vectors K1 and K2 are reciprocal lattice vectors
corresponding to Ch and T, respectively. The figure corresponds to Ch = (4,2),
T = (4, -5), N = 28, K, = (5b, + 4b2)/28, K2 = (4bl - 2b2)/28.
The addition of a single hexagon to the honeycomb structure in Fig. 2-3 corresponds
to the addition of two carbon atoms. Assuming a value ac-c = 0.142 nm on a carbon
nanotube, we obtain dt = 1.356nm and N = 20 for a (10,10) nanotube. Since the
nanotube real space unit cell is much larger than that for a 2D graphene sheet, the
1D Brillouin zone (BZ) for the nanotube is much smaller than the BZ for a single
2-atom graphene 2D unit cell. Because the local crystal structure of the nanotube is
so close to that of a graphene sheet, and because the Brillouin zone is small, Brillouin
zone-folding techniques have been commonly used to obtain approximate electron and
phonon dispersion relations for carbon nanotubes with specific symmetry (, m).
Whereas the lattice vector T, given by Eq. (2.14), and the chiral vector Ch, given
by Eq. (2.9) both determine the unit cell of the carbon nanotube in real space, the
corresponding vectors in reciprocal space are the reciprocal lattice vectors K 2 along
the nanotube axis and K1 in the circumferential direction (see Fig. 2-5), which gives
the discrete k values in the direction of the chiral vector Ch. The vectors K1 and K2
are obtained from the relation R/. Kj = 27rdij, where RE and Kj are, respectively,
the lattice vectors in real and reciprocal space, and K1 and K2 therefore satisfy the
relations
Ch K1 = 27r, T K 1 = 0, (219)
Ch K2 = 0, T. K2 = 2r.
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From Eqs. (2.19) it follows that K1 and K 2 can be written as:
K1 = (-t2b + t1b2), K2 = -(mbl - nb2), (2.20)
where bl and b2 are the reciprocal lattice vectors of a two-dimensional graphene
sheet given by Eq. (2.13). The N wave vectors K ( = 0, , N - 1) give rise to N
discrete k vectors in the circumferential direction. For each of the lt discrete values of
the circumferential wave vectors, a one-dimensional electronic energy band appears,
whereas each i gives rise to 6 branches in the phonon dispersion relations. Because
of the translational symmetry of T, we have continuous wave vectors in the direction
of K 2 for a carbon nanotube of infinite length.
Typically, the experimental single wall nanotube (SWNT) samples have a distribu-
tion of diameters and chiral angles because of the absence of experimental techniques
at present for producing SWNTs with a unique dt and . The carbon nanotube ma-
terials used in this study are produced by the pulsed-laser vaporization, and carbon
arc discharge methods. The diameter distribution (dt) of the nanotubes produced
in these processes depend on such parameters as the mixture and type of transition
metal catalysts used and the oven temperature, and therefore for each sample of
nanotube studied, I will specify the catalyst mixture as well as dt.
The SWNTs appear in a scanning electron microscope (SEM) image t a mat
of carbon nanotubes bundles 10-20nm in diameter and up to 100 iLm or more in
length (see Fig. 2-6) and containing between 30-500 SWNTs. The nanotubes within
a bundle are twisted together, thereby maximizing the bonding interaction between
SWNTs within the bundles where the hexagons on adjacent nanotubes tend to be in
the same AB registry as in crystalline graphite [39]. The nanotube bundles attract
one another and wrap around each other to form ropes [39]. These nanotube ropes are
accompanied by varying amounts of amorphous carbon, residual catalyst, and other
unwanted material, from which the nanotube ropes must be separated. A number of
experimental observations have also been made on a material called "bucky paper",
which refers to a flat tangled mat of bundles of carbon nanotubes that are collected
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Figure 2-6: (a) Ropes of single-wall carbon nanotubes observed by scanning electron
microscopy (SEM). The ropes are 10-20nm thick and -100 m long. (b) At higher
magnification, the TEM image shows that each rope contains a bundle of single-wall
nanotubes with diameters of -1.4 nm, arranged in a triangular lattice (with lattice
constant 1.7 nm). The lower image is seen when the rope bends through the image
plane of the transmission electron microscope (TEM) [118].
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on filter paper as a suspension of SWNT bundles is passed through the filter paper.
Under transmission electron microscope (TEM) examination, each nanotube rope
is found to consist primarily of bundles of single-wall carbon nanotubes that are
mostly aligned along a common axis [see Fig. 2-6(a)]. X-ray diffraction (which views
many ropes at once) and transmission electron microscopy (which typically views one
or two ropes) show that the diameters of the single-wall nanotubes have a strongly
peaked narrow distribution of diameters. Typical nanotube diameters in the ropes are
between 0.9-1.8 nm, depending on the catalyst and growth conditions, though smaller
diameter nanotubes as small as 0.4nm have been reported [1]. For the synthesis
conditions used in the early work (pulsed-laser vaporization using 1 to 2 atom %
of Ni/Co in a furnace at 12000C), the diameter distribution was strongly peaked at
1.38±0.2 nm, very close to the diameter of an ideal (10,10) nanotube. X-ray diffraction
measurements [45, 118] filrther showed that, within these "ropes", the single-wall
nanotubes form a two-dimensional triangular lattice with a lattice constant of 1.7 nm,
and an inter-tube separation of 0.315 nm at closest approach within a rope. in good
agreement with prior theoretical modeling results [17, 15]. The diameter and chiral
angle of individual nanotubes are measured by transmission electron microscopy [40],
and by scanning tunneling microscopy [83, 124] techniques.
2.1.3 Electronic Structure
Because of the strong coupling between electrons and phonons in the resonance Ra-
man effect, the remarkable electronic properties of carbon nanotubes play an impor-
tant role in discussing the unusual Raman spectra of these unique one-dimensional
structures. In single wall carbon nanotubes, confinement of the structure in the radial
direction is provided by the monolayer thickness of the nanotube in the radial direc-
tion. Circulmferentially, the periodic boundary condition applies to the enlarged unit
cell that is formed in real space. The application of this periodic boundary condition
to the graphene electronic states leads to the prediction of a remarkable electronic
structure for carbon nanotubes.
The ID electronic energy band structure for carbon nanotubes [37, 38, 80, 100, 117]
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Figure 2-7: One-dimensional energy dispersion relations for (a) arnichair (5,5) nan-
otubes, (b) zigzag (9,0) nanotubes, and (c) zigzag (10,0) nanotubes. The energy
bands with a symmetry are non-degenerate, while the e-bands are doubly degenerate
at a general wave vector k [104, 105, 106].
is related to the energy band structure calculated for the 2D graphene honeycomb
sheet used to form the nanotube. These calculations for the electronic structure
of SWNTs [102] show that about 1/3 of the nanotubes are metallic and 2/3 are
semiconducting, depending on the nanotube diameter dt and chiral angle 0. It can
be shown that metallic conduction in a (n, m) carbon nanotube is achieved when
27i + m7n = 3q (2.21)
where q is an integer. All armchair carbon nanotubes ( = 30°) are metallic since
they always satisfy Eq. (2.21). _.
Calculated dispersion relations based on these simple zone folding considerations
for tight binding energy bands are shown for metallic nanotubes (n, m) = (5, 5) and
(9,0) in Figs. 2-7(a) and (b), respectively, and for a semiconducting nanotlube (n, mn) =
(10, 0) in Fig. 2-7(c) [104]. These results are consistent with more detailed calculations
of the band structure [70]. The calculated electronic structure can be either metallic
or semiconducting depending on the choice of (n, m) as given by Eq. (2.21), although
there is no difference in the local chemical bonding between the carbon atoms in the
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Figure 2-8: Electronic 1D density of states per unit cell of a 2D graphene sheet for two
(n, 0) zigzag nanotubes: (a) the (10, 0) nanotube which has semiconducting behavior,
(b) the (9, 0) nanotube which has metallic behavior. Also shown in the figure is the
density of states for the 2D graphene sheet (dotted line) [101].
40
nanotubes, and no doping impurities are present [105].
These surprising results and the unique features of the electronic structure of
SWNTs can be understood on the basis of the electronic structure of a graphene
sheet which is a zero gap semiconductor [86] with bonding and antibonding 7r bands
that are degenerate at the K-point (zone corner) of the hexagonal 2D Brillouin zone
[102]. The periodic boundary conditions for the 1D carbon nanotubes of small diame-
ter permit only a few wave vectors to exist in the circumferential direction, and these
wave vectors k satisfy the relation nA = rdt where A = 27r/k is the de Broglie wave-
length. Metallic conduction occurs when one of these allowed wave vectors k passes
through the K-point of the 2D Brillouin zone, where the 2D valence and conduction
bands are degenerate because of the special symmetry of the 2D graphene lattice
[102]. As the nanotube diameter increases, more wave vectors become allowed for the
circumferential direction, so that the nanotubes become more two-dimensional and
the semiconducting band gap disappears. The band gap for semiconducting carbon
nanotubes is proportional to the reciprocal nanotube diameter 1/dt. At a nanotube
diameter of dt 3nm, the band gap becomes comparable to thermal energies at
room temperature, showing that small diameter nanotubes are needed to observe 1D
quantum effects.
Of particular importance to the discussion of the resonant Raman spectra is the 1D
density of states plots shown in Fig. 2-8 for: (a) a semiconducting (10,0) zigzag carbon
nanotube, and (b) a metallic (9,0) zigzag carbon nanotube. The results for the 1D
electronic density of states show sharp singularities associated with the (E - Eo)- I/ 2
van Hove singularities about each subband edge at energy E0 (see Fig. 2-7). The
electronic density of states plots in Fig. 2-8 show that the metallic nanotubes have a
small, but non-vanishing 1D density of states at the Fermi level (which is at E = 0 in
Fig. 2-8), and this non-vanishing density of states is independent of energy until the
energies of the first subband edges of the valence and conduction bands are reached. In
contrast, for a 2D graphene sheet (dashed curve), the 2D density of states is zero at the
Fermi level (where also E = 0 in Fig. 2-8), and varies linearly with energy, as we move
away from the Fermi level. Furthermore, the density of states for the semiconducting
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Figure 2-9: Electronic ID density of states (DOS) calculated with a tight binding
model for (8,8), (9,9), (10,10), (11,11), and (12,12) armchair nanotubes and for (14,0),
(15,0), (16,0), (17,0), and (18,0) zigzag nanotubes and assuming a nearest neighbor
carbon-carbon interaction energy yo = 3.0eV [18]. Wavevector conserving optical
transitions can occur between mirror image singularities in the D density of states,
i.e., vl -+ cl and-v2 -+ c2, etc., and these optical transitions are given in the figure
in units of eV. These interband transitions are denoted in the text by Ell, E22, etc.
and are responsible for the resonant Raman effect discussed extensively in this review
[18].
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ID nanotubes is zero throughout the band gap, as shown in Fig. 2-8(a), and their band
gap energy Eg is equal to the energy difference Ell(dt) between the two van Hove
singularities in the D density of states that span the Fermi level, where it is noted
that Eg is proportional to the reciprocal nanotube diameter Eg oc 1/dt. Because of
these singularities in the density of states, high optical absorption is expected when
the photon energy. matches the energy separation between an occupied peak in the
electron density of states and one that is empty. This situation occurs at the band gap
for the semiconducting nanotubes, but also at higher energies for transitions from an
occupied subband edge state to the corresponding unoccupied subband edge state.
Such transitions between subband edge states can occur for both semiconducting
and metallic nanotubes. Comparing the density of states curves in Fig. 2-8, we see
that the smallest energy separation (Ell(dt)) between subband edge states for the
semiconducting nanotube (10,0) is much smaller than the corresponding separation
between subband edges for the metallic (9,0) nanotube.
The general characteristics that are predicted for the ID electronic density of states
of carbon nanotubes have recently been confirmed by low temperature STM/STS
(scanning tunneling microscopy/spectroscopy) studies carried out on isolated single-
wall carbon nanotubes [25, 83, 124] as discussed below. Insight into the variation
of the electronic density of states (based on more detailed calculations of the elec-
tronic structure than the tight binding approximation) with nanotube diameter dt is
provided by Fig. 2-9 where the density of states is presented for (8,8), (9,9), (10,10),
(11,11), and (12,12) armchair nanotubes and for (14,0), (15,0), (16,0), (17,0), and
(18,0) zigzag nanotubes [95]. Referring to Fig. 2-9, we see that the lowest energy
transition for the armchair nanotube, denoted by El(d.), varies monotonically from
2.4eV for the (8,8) nanotube to 1.6eV for the (12,12) armchair nanotube.
The interpretation of the interband transitions between van Hove singularities for
zigzag nanotubes and chiral nanotubes can be understood by plotting the energies
for the transitions between the van Hove singularities in the valence and conduction
bands Eii(dt) of all possible (n, m) nanotubes, including not only armchair and zigzag
nanotubes, as shown in Fig. 2-9, but also all chiral nanotubes. Such a plot of Eii(dt)
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Figure 2-10: Calculation [24, 52, 99] for Y0o = 2.9eV of the energy separations Eii(dt)
for all (n, m) values vs nanotube diameter in the range 0.7 < dt < 3.0nm. Semicon-
ducting and metallic nanotubes are indicated by crosses and open circles, respectively,
and the four lowest energy transitions are labelled by ESl (dt), Es2(dt), EM(dt), and
E3S3(dt), where S and M, respectively, refer to semiconducting and metallic nanotubes.
The filled squares denote zigzag tubes. The vertical lines denote dt = 1.49 ± 0.20 nm
for a particular single wall carbon nanotube sample. The cross-hatch pattern denotes
the range in El,,aer where metallic nanotubes are expected to contribute resonantly to
both the Stokes and anti-Stokes spectra for the indicated diameter distribution.
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vs dt is shown in Fig. 2-10. In this plot, the nearest neighbor carbon-carbon transfer
energy yo was taken to be 2.9 eV which provides a good fit to a variety of experiments,
including our resonance Raman scattering, optical absorption and scanning tunnel-
ing spectroscopy studies [24]. Figure 2-10 is used extensively to interpret resonance
Raman spectra in carbon nanotubes, and will re-appear several times in this thesis
with different energy windows and diameter distributions shaded, in order to demon-
strate its incredible utility. The two lowest energy transitions Esl(dt) and Es2(dt)
are for semiconducting nanotubes, while the next higher energy transition is EM(dt)
for metallic nanotubes, followed by Es3(dt), as indicated in the figure [52, 103]. The
bounds on Eii(dt) at constant d and i are delineated by zigzag nanotubes and are due
to trigonal warping effects [103], arising from the non-circular constant energy sur-
faces that develop with increasing wave vector away from the K-point in the Brillouin
zone. This trigonal warping effect is most important for zigzag nanotubes (see Fig. 2-
11) and least important for armchair tubes, for which a simple analytical expression
for E'(dt) can be written as
EM'(d t) = 6acco/dt (2.22)
where ac-c is the nearest neighbor carbon-carbon distance. It should be mentioned
that Eq. (2.22) is only valid for chiral and zigzag nanotubes in the limit of large dt.
For example, the (15,0) zigzag nanotube with diameter dt = 1.17nm has a lower and
upper bound for E(dt) = 2.0 and 2.4 eV, as shown in Fig. 2-9.
Since measurements of dI/dV in the STS (scanning tunneling spectroscopy) mode
of a scanning tunneling microscope yield a signal (shown in Fig. 2-12) which is pro-
portional to the 1D density of states, this has become a powerful tool for studying the
electronic structure of both metallic and semiconducting single wall carbon nanotubes
[83, 124]. The top four traces in Fig. 2-12 show that the bandgap is Ei} (dt) - 0.6 eV
for the indicated semiconducting nanotubes, while the lower 3 traces show energy
separations of E'M(dt) 11.8eV for metallic nanotubes. The combined STM/STS
studies [111, 124] are consistent with: (1) about 2/3 of the nanotubes being semi-
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Figure 2-11: (a) The contour plot of 2D energy of graphite. The equi-energy con-
tours are circles near K and near the center of the Brillouin zone, but near the zone
boundary the contours are straight lines which connect the nearest M points. (b)
The dependence of the trigonal warping effect of the van Hove singularities on the
nanotube chirality. The three bold lines near the K point are possible k vectors in the
hexagonal Brillouin zone of graphite for metallic (i) armchair and (ii) zigzag carbon
nanotubes. All chiral nanotubes with chiral angles 101 < 7r/6 have lines for their k
vectors with the directions making a chiral angle measured from the bold lines for
the zigzag nanotubes. The minimum energy along the neighboring two lines gives the
energy positions of the van Hove singularities.
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Figure 2-12: Derivative of the current-voltage (dI/dV) curves obtained by scanning
tunneling spectroscopy on various isolated single wall carbon nanotubes with diame-
ters near 1.4nnl. Nanotubes #1-4 are semiconducting and #5-7 are metallic [124].
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conducting, and 1/3 being metallic; (2) the density of states exhibiting van Hove
singularities, characteristic of the expectations for 1D systems; (3) energy gaps for
the semiconducting nanotubes that are proportional to 1/dt. Using the approximate
relation Eg _ 2yoac-c/dt for the band gap of semiconducting single wall nanotubes,
the nearest neighbor overlap energy yo (or the transfer integral of a tight binding
model) can be found. The STS experiments confirm that the density of electronic
states near the Fermi level is zero for semiconducting nanotubes, and non-zero for
metallic nanotubes [124]. These electronic density of states curves in Fig. 2-8 and
the plot of interband transition energies in Fig. 2-10 are also important for explain-
ing the resonance Raman experiments on carbon nanotubes, discussed in subsequent
chapters in this thesis.
2.2 Phonon Modes
The phonon dispersion relations in a carbon nanotube can be obtained from those of
the 2D graphene sheet (an isolated graphcne sheet) by using the same zone folding
approach [42, 97, 107] as was used to find the 1D electronic dispersion relations
[41, 102]. Zone folding and symmetry-based force constant models were used by some
authors [14, 22, 42, 107], tight binding calculations by other authors [53, 77, 125],
and some ab initio calculations [61, 110] were also reported. Because of the very
weak interplanar interactions, the phonon dispersion relations for graphite in the
basal plane (see Fig. 2-13) provide a good first approximation for the 2D phonon
dispersion relations of an isolated graphite plane. The calculated phonon dispersion
curves of Fig. 2-13 were fit to the experimental points obtained by electron energy
loss spectroscopy, inelastic neutron scattering, velocity of sound and other techniques
[2, 42, 84]. The inclusion of force constants taking into account fourth-neighbor
interaction terms (see Table 2.1) have been sufficient for reproducing the experimental
data in Fig. 2-13.
The three phonon dispersion curves (or branches), which originate from the r
point of the Brillouin zone with w = 0 (see Fig. 2-13), correspond to acoustic modes:
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Figure 2-13: The phonon dispersion relations for graphite plotted along high-
symmetry in-plane directions. Experimental points from neutron scattering and elec-
tron energy loss spectra were used to obtain values for the force constants (see Ta-
ble2.1) and to determine the phonon dispersion relations throughout the Brillouin
zone [42].
Table 2.1: Force constant parameters for 2D graphite in units of 104 dyn/cm [42].
Here the subscripts r, ti, and to refer to radial (bond stretching), transverse in-plane
and transverse out-of-plane (bond bending) force constants, respectively (see Figs.
2-13).
Radial Tangential
(1) - 36.50 ti) = 24.50 ft) = 9.82
(2)= 8.80 =(2)= -3.23 to = -0.40
?3) = 3.00 0( ) - -5.25 c3)= 0.15(r4) --1.92 l4) -2.29 () = -0.58
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Figure 2-14: The phonon density of states vs phonon energy for a 2D graphene sheet
in units of states/C-atom/cm- 1 x 10-2 [42].
an out-of-plane mode, an in-plane tangential (bond-bending) mode, and an in-plane
radial (bond-stretching) mode, listed in order of increasing energy, respectively. The
remaining three branches correspond to optical modes: one non-degenerate out-of-
plane mode and two in-plane modes that remain degenerate as we move away from
k = 0.
It is noted that the out-of-plane (transverse) acoustic branch for a graphene sheet
shows a special k2 energy dispersion relation around the point, while the other
two in-plane acoustic branches show a linear k dependence, as is normally seen for
acoustic modes. The optical out-of-plane transverse branch (at w - 865 cm- ' at the
r point) also shows a k2 dependence. Because of this special k2 dependence of w(k)
for the out-of-plane acoustic branch near the r point, there is neither a phase velocity
nor a group velocity for the z component for these acoustic vibrations.
At low frequencies the in-plane acoustic branches for a graphene sheet give rise to
a density of states g(w) linear in w, while the out-of-plane k2 acoustic branch gives rise
to a small constant contribution (independent of w) to the density of states, which is
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significant up to 400 cm-l as shown in Figs. 2-13 and 2-14.
2.2.1 Phonon dispersion relations for nanotubes
As a first approximation, the phonon dispersion relations for an isolated single-wall
carbon nanotube are determined by zone folding the phonon dispersion curves w (k)
of a two-dimensional graphene layer (see Fig. 2-3), where m = 1,..., 6 labels the 3
acoustic and 3 optic modes and k is a vector in the layer plane. Since there are 2N
carbon atoms in this unit cell [see Eq. (2.18)], we will have N pairs of bonding r and
anti-bonding Ir* electronic energy bands. Similarly the phonon dispersion relations
will consist of 6N branches resulting from a vector displacement of each carbon atom
in the nanotube unit cell.
The phonon dispersion relations of a carbon nanotube depend on the indices (n, m)
or equivalently on the diameter and chiral angle of the carbon nanotube, dt and ,
since the phonon wave vector in the circumferential direction becomes discrete and is
described by each of the K1 vectors [see Eq. (2.20)], in accordance with the periodic
boundary conditions of the chiral vector Ch.
In the context of zone folding, the one-dimensional phonon energy dispersion
relations for w (k) for SWNTs are related to the wm (k) by:
mr(k) = m (k K2 +p KI) ( = , , , and -- < k <-), (2.23)
IwD 2 jlK2 = 0,- ad 1, T T
where k is a one-dimensional wave vector, K2 is the reciprocal lattice vector along the
nanotube axis [see Eq. (2.20)], K1 is the reciprocal lattice vector in the circumferential
direction [see Eq. (2.20)] and T is the magnitude of the one-dimensional translation
vector T given in Eq. (2.17).
The zone-folding procedure yields the appropriate one-dimensional wlnl(k) for
almost all the phonon branches of a carbon nanotube. An example of the phonon
branches for an isolated SWNT is shown in Fig.2-15 for a (10,10) nanotube. In
this figure, T denotes the magnitude of the basis vector along the nanotube axis
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[see Eq. (2.17)]. For the 2N = 40 carbon atoms per circumferential strip for the
(10,10) nanotube, there are 120 vibrational degrees of freedom, but because of mode
degeneracies there are only 66 distinct phonon branches, of which 12 modes are non-
degenerate and 54 are doubly degenerate.
In Fig. 2-15(b), we show the corresponding phonon density of states for the (10,10)
nanotube in units of states per C atom per cm- '. The phonon density of states for
the (10,10) nanotube is close to that for 2D graphite, since the phonon dispersion
relations are, in principle, given by the zone-folding of those for 2D graphite. The
differences in the nanotube phonon density of states relative to that for 2D graphite
pertain to the one-dimensional van Hove singularities for the optical phonon subbands
and to the 4 acoustic modes of the nanotubes and their special properties at low w
discussed below.
However, zone-folding of the graphene phonon branches does not always give the
correct dispersion relation for a carbon nanotube [42, 102], especially in the low
frequency region, and some additional physical concepts must be introduced. There
are several mode displacements that are possible in the carbon nanotubes which have
no equivalent in graphite. The radial breathing motion (WOBM) of the carbon atoms of
the nanotube is an example, where the superscript denotes the mode frequency for an
isolated SWNT, leaving WRBM to denote the mode frequency in the presence of inter-
tube interactions which occur in SWNTs found in nanotube bundles, corresponding
to samples used in this thesis.
The effect of the nanotube curvature on the in-plane and out-of-plane radial and
tangential force constants has been considered by various authors [24, 64, 102, 110],
showing these corrections to be relatively minor, but not negligible for the smallest
diameter nanotubes. In rolling the graphene sheet (sp2 bonding) to form the carbon
nanotubes, you need to introduce some amount of sp3 bonding to create the curvature.
This lowers the force constant circumferentially (longer C-C bond), as compared to
along the nanotube axis. This effect has great importance in the analysis of the
peak positions of the Raman bands for the carbon nanotubes, and will be constantly
referred to throughout the thesis. Since the curvature is not expected to change the
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Figure 2-15: (a) The calculated phonon dispersion relations of an armchair carbon
nanotube with Ch = (10, 10). The number of degrees of freedom is 120 and the
number of distinct phonon branches is 66. (b) The corresponding phonon density of
states for a (10,10) nanotube [102]. (c) A comparison between the phonon density
of states glD(w) for a (10,10) nanotube shown as the solid curve and g2D(W) for a
graphene sheet shown by the points [99].
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Table 2.2: Number and symmetries of Raman-active modes for different types of
carbon nanotubes.
Nanotube structure
armchair (n, n) n even
armchair (n, n) n odd
zigzag (n, 0) n even
zigzag (n, 0) n odd
chiral (n, m) n m f 0
Point group
Dnh
Dnd
Dnh
Dnd
CN
Raman-active modes
4Aig + 4Elg + 8 E2g
3A19 + 6E19 + 6E29
3A1 g + 6Elg + 6E29
3A19 + 6E1g + 6E29
4A + 5E1 + 6E2
IR-active modes
A 2. + 7E1U
2A2 , + 5E 1
2A2 u + 5E 1l
2A 2U + 5Elu
4A + 5E1
form of w(k) for the four acoustic branches very much, no major effect of curvature
on the 1D density of phonon states glD(w) is expected.
Interactions between adjacent SWNTs in a nanotube bundle are expected to give
rise to a dispersion relation with a finite frequency at k = 0 and a k2 dependence for
the twist mode [8]. The contribution of such an inter-tube interaction term would
result in a feature with a van Hove-type singularity in the phonon density of states
such as is introduced by a phonon subband.
2.2.2 Raman-active modes of carbon nanotubes
Among the 6N calculated phonon dispersion relations for carbon nanotubes whose
unit cell contains 2N carbon atoms, only a few modes are Raman or infrared (IR)
active, as specified by the symmetry of the phonon modes. Since only k vectors very
close to k = 0 are coupled to the incident light because of the energy-momentum
conservation requirements for the photons and phonons, we need only consider the
symmetry of the nanotube zone-center vibrations at the F point (k = 0). Point group
theory of the unit cell, predicts the number of Raman-active modes and IR-active
modes and their symmetry types [102].
The numbers of the Raman-active (A19, Elg, E29 symmetries) and IR-active (A 2,
El symmetries) modes for the nanotubes can be predicted by group theory, once the
lattice structure and its symmetry are specified. We list the number and symmetries
of the Raman-active modes for different types of carbon nanotubes in Table 2.2.
More specifically, we give here the number of modes with their corresponding
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symmetry types for all types of nanotubes. For armchair nanotubes (with even n = 2j
having Dnh symmetry) we write:
rib = 4 Alg + 2Alu + 4A29 + 2A2u + 2 Big
+4B1l + 2 B2g + 4B2, + 4 E1g + 8E1 u + 8E2g (2.24)
+4E2u + ... + 4 E(j_l)g + 8E(j_l).
In Eq. (2.24), we assume that j is even. If j is odd [such as for (n, m) = (6, 6)], the
4 and 8 are interchanged in the last two terms in Eq. (2.24). For zigzag nanotubes
(with even n = 2j having Dnh symmetry) we write:
rFb = 3Alg + 3A1, + 3A2g + 3A2,
+3B19 + 3B1, + 3B29 + 3B2,
(2.25)
+6Eig + 6E,, + 6E29 + 6E2
+ + 6E(j_l). + 6E(j_l),.
For armchair and zigzag nanotubes (with odd n =2j + 1 having Dnd symmetry) we
write:
rvib =3Ag + 3Alu + 3A 2g + 3A2U
+6E 19 + 6E1 U + 6E29 + 6E2 (2.26)
+ * + 6Ejg + 6Ej,,.
And finally for chiral nanotubes we write:
Frb = 6A + 6B + 6E1 + 6E2 + .*+ 6EN/21. (2.27)
Using the information in Eqs. (2.24-2.27), we obtain the information summarized
in Table 2.2 for the number and symmetry type of the Raman and IR active modes for
achiral or symmorphic (i.e., armchair and zigzag) and chiral or non-symmorphic nan-
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Figure 2-16: The armchair index n vs mode frequency for the Raman-active modes
of single-wall armchair (n, n) carbon nanotubes [95]. The nanotube diameter can be
found from n using Eq. (2.10).
otubes. Among the achiral nanotubes, only armchair nanotubes with even number
indexes (2j, 2j) have a different numbers of Raman and IR modes from the oth-
ers, such as armchair nanotubes with odd number indexes (2j + 1, 2j + 1) or zigzag
nanotubes (n, 0). From Table 2.2 we deduce the remarkable Raman and infrared se-
lection rules for SWNTs, that the numbers of Raman and infrared-active modes do
not depend on the nanotube diameter and chirality, though the total number of fi-
nite frequency phonon modes (6N - 4) is very different for different chiralities and
diameters. Group theory selection rules indicate that there are only 15 or 16 Raman-
active modes and 6 to 9 IR-active modes for a single-wall carbon nanotube, despite
the large number of vibrational modes. Even though group theory may indicate that
a particular mode is Raman-active, this mode may nevertheless only have a small
Raman cross section. In fact, we have only six or seven intense Raman-active modes
for any nanotube chirality.
Since the number of Raman-active and infrared-active modes for a given symme-
try category is independent of nanotube diameter, the dependence of a particular
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vibrational mode on nanotube diameter can be investigated. Several of the mode
frequencies and their Raman cross sections are found to be highly sensitive to the
nanotube diameter, while others are not. Figure2-16 shows the dependence of the
frequency of the Raman-active modes on the nanotube diameter for armchair nan-
otubes, expressed in terms of their (n, n) indices [35]. Here it is seen that the Alg
mode, which occurs at about 165cm - 1 for an isolated (10,10) nanotube, is strongly
dependent on nanotube diameter, while the modes near 1580cm -1 are not. A di-
agram similar to Fig. 2-16 can be constructed for the infrared-active modes for the
armchair nanotubes, and also for Raman and infrared-active modes for zigzag and
chiral nanotubes [26, 35]. Another factor which simplifies the Raman spectra for
SWNTs is the low intensity of many of the Raman-active modes in Fig. 2-16.
The normal mode displacements for the seven Raman modes for a (10,10) nan-
otube which have a relatively large Raman intensity are shown in Fig. 2-17. The
honeycomb lattice shown in Fig. 2-3 can be described in terms of two sublattices con-
sisting A and B atoms. In the higher frequency Raman-active Al9 mode (1587cm - 1
in Fig. 2-17), the A and B atom moves in opposite directions (out-of-phase) in the unit
cell, while in the lower frequency Raman-active Alg mode (165 cm-' in Fig. 2-17), the
A and B atoms move in the same direction (in-phase). It is clear from Fig. 2-17(e)
to (g), that the higher-frequency modes are out-of-phase between nearest neighbor
carbon atoms, while the lower-frequency modes of Fig. 2-17(a) to (d) show in-phase
motion. The out-of-phase motions observed in Fig. 2-17(e) to (g) are similar to the
motion of the Raman-active E29 mode of graphite at 1582cm-', which corresponds
to C=C bond stretching motions for one of the three nearest neighbor bonds in the
unit cell.
The basic motions of the atomic displacements of the normal modes shown in
Fig. 2-17 are independent of the chirality of the nanotube [102]. The normal mode
displacements illustrated in Fig. 2-17 show that the Alg, El. and E 2g modes have zero,
two, and four nodes around the nanotube z-axis, respectively [see Fig. 2-17(e), (f), and
(g) for out-of-phase motion, and (a), (b), and (c) for in-phase motion]. According to
group theory analysis, six peaks can be present in the high frequency region (G band)
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(a)
E2g 17cm-
k1-,_ (d) _
Alg 165 cm - 1 E2g 368 cm -1 Ejg 1585cm -1
(f)
1587cm -1
(9)
E2g 1591 cml
Figure 2-17: The calculated Raman mode atomic displacements, frequencies, and
synmmetries for selected normal modes for the (10,10) nanotube modes. The symmetry
and the frequencies for these modes are not strongly dependent on the chirality of the
nanotube. In the figure, we show the displacements for only one of the two modes in
the doubly degenerate El9 and E29 modes [102].
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Figure 2-18: Log-log plot of the lower Raman mode frequencies [below 500cm -1 for
(10,10) nanotubes], as a function of carbon nanotube radius r = dt/2 [102, 107].
of the SWNT Raman spectrum (1600cm-1): two A (Aig), two doubly-degenerate
E1 (Eig), and two doubly-degenerate E2 (E2g) modes. For each symmetry mode in
zigzag and armchair nanotubes (symmorphic groups), the atomic vibrations can be
along the tube axis direction, or along the circumferential direction. Because of the
high symmetry, only three of the six peaks can be seen in a Raman spectrum. For
general chiral tubes (non-symmorphic groups), the direction of the atomic vibrations
is no longer parallel or perpendicular to the tube axis, but rather depends on the
chiral angle, and six peaks can appear in the Raman spectra. These normal mode
patterns can be very useful for the interpretation of the observed Raman spectra,
especially with regard to polarization phenomena, as will be discussed in section
4.5.1 for semiconducting nanotubes.
For the lower frequency Raman-active modes [below 500cm - 1 for (10,10) nan-
otubes], the mode frequencies w shift systematically with increasing diameter, as
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shown in the log-log plot of w in Fig. 2-18 as a function of the carbon nanotube radius
r = dt/2 for (n,rm) in the range (8 < n < 10, 0 < m < n). Figure 2-18 clearly
shows straight line dependences of log w on log dt for all four low frequency Raman
modes on this log-log plot, thus indicating a power law dependence of w(dt) on dt.
No significant chirality dependence is found for the mode frequencies for these modes,
which is consistent with the fact that the energy gap of a semiconducting nanotube
and the strain energy depend primarily on the nanotube radius and are only weakly
dependent on the chiral angle 0 [81, 98]. From the slopes of w(dt) for this range of dt
(see Fig. 2-18), we conclude that, except for the lowest E29 mode, the frequencies are
approximately inversely proportional to dt. The frequency w29 (dt) of the lowest E29
mode has a predicted dependence of d 1.9 5±0.03, which is approximately quadratic (in
1/d2). The power law predicted for the Alg radial breathing mode frequency wRBM(dt)
for an isolated SWNT valid in the range 0.6 nm < dt < 1.4 nm is
1.0017±0.0007
WRBsM(dt) = W(o o) [dioio) 1.00170.0007 (2.28)
which is very close to linear (in 1/dt) and this relation is used by experimentalists
as a secondary characterization tool for the diameter distribution in isolated SWNT
samples. When the SWNTs are in bundles, inter-tube interactions become important
and modifications to Eq. (2.28) are necessary. In Eq. (2.28) wco,10) and d(lo,lo) are,
respectively, the mode frequency and diameter of isolated (10,10) arnlchair nanotubes,
which have been given by w(10, 10)=169cm- and d(lo,10)= 1.375nm [102].
More precise use of the radial breathing mode (RBM) frequency to probe the
properties, or diameter distribution, of SWNTs embedded in bundles of SWNTs
requires that the inter-tube interactions be considered [4, 120]. The expression linking
the radial breathing mode uRBM to the nanotu.be diameter d, has been reported to
be well approximated by the expression
WRBM = AWRBM + WoRBM = AWRBM + Wrl0,lo)d(IO,lO)/dt (2.29)
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where WBM is the radial breathing mode frequency for an isolated SWNT, AWRBM
is a frequency upshift which is a constant for nanotube diameters near to that of a
(10,10) armchair nanotube d(lo,o), and w0lo ) is the radial breathing mode frequency
of an isolated (10,10) nanotube. The calculated values of these parameters vary from
one research group to another, but some typical values are: AWRBM = 14cm -1 [120],
6.5cm- ' [4] and 6cm- 1 [46], and w(0,10)d(0lo,lo) = 224cm-'nm [120], 232cm-'nm
[4], and 214cm-'nm [46]. Since these parameter values were obtained by fits of the
measured WRBM to Eq. (2.29) for a limited range of nanotube diameters (0.7-1.5 nm),
the values of these parameters should be considered in pairs. Interestingly, both sets
of parameters listed above arrive at about the same RBM frequency [Eq. (2.29)] for
a (10,10) nanotube in a bundle, i.e. 176--177cm- '.
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Chapter 3
Light Scattering under
Non-Resonance and Resonance
Conditions
3.1 Introduction
In this chapter the general theory of light scattering is discussed. We begin by sum-
marizing the general theory of light scattering in section 3.2 under the usual as-
sumption that the electronic and ionic motions can be decoupled under the so-called
Born - Oppenheimer Approximation, and we develop an expression for the Raman
scattering cross-section. We then go on (in sect. 3.3) to look in detail at the different
terms in the polarizability tensor. We study how the assumptions of the energy of
the photon being far from resonance, or being in resonance with an allowed electronic
transition, affect terms of the polarizability tensor, in particular, their resolution into
the A, B, C, and D scattering terms. We then go on to discuss how the symmetry of
the lattice vibrations comes into play in these different scattering terms.
In section 3.4, we will briefly discuss resonance Raman intensities, while in the last
section of the chapter (3.5) we will look at the two different lineshapes that can be
used to analyze Raman spectra, the Lorentzian lineshape and the Breit-Wigner-Fano
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lineshape.
3.2 Theory of Light Scattering in Electron-Lattice
Coupled Systems
3.2.1 The Born-Oppenheimer Approximation
The spin-independent Hamiltonian for an electron-lattice system, which can be given
by [71]
H = Her + Hi, + HeI-ion (3.1)
where
He, = -2mv + o ' ri (3.2)
k 2m k,k'rk - r'k
Hion=ZkV2+l Ra) (3.3)Hio=- 2M 2 + Z Vi(Ri-R) (3 3)
He,-ion = E Vel-ion(rk - Ri). (3.4)
k,i
In the above equations, e is the electronic charge, m is the electron mass, Mi are the
masses of the ions, and the no-double counting-restricted(') sums are over electron (i)
and ion (k) indices; rk and Ri are then the electronic and ionic spatial coordinates.
In a dynamic lattice, the difficulty in solving Schroedinger's equation, HI = E,
lies primarily in the crystal field term, Helio,. Born and Oppenheimer developed a
method to deal with this problem in which the dynamics of the electronic and ionic
subsystems could be decoupled (the so-called Adiabatic approximation). As a first
approximation, however, we first consider the motion of the electrons in the static
lattice:
(Her + He-i.oT)'b(rk, Ri}) = EeI({Ri})0({rk, R}). (3.5)
In the above Schroedinger equation, V)({rk, R1}) and E, 1({R}) are the eigenfunction
and eigenenergy of the electronic Hamiltonian as a function of all electronic and ionic
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positions. It is then assumed that the total solution of the combined electron-lattice
problem can be written as I({rk,&}) = 0$'({rk,Ri})0({Ri}) which then gives for
the complete Schroedinger equation
H = (He + Hi. + Hel-ion)00 (3.6)
h2
= V(Hio + Eel)( - 2 (-bV(V/2 + 2ViOk- Vip). (3.7)2Mi
We now invoke the afore-mentioned adiabatic approximation in that, since the
motion of the electrons is much faster than that of the ions, the last two terms
involving ionic spatial derivatives end up being quite small. Omission of these terms
essentially amounts to decoupling the electron and ion motion so that the total energy
of the system, E, can be given by
(Hion + Eei)Q({Ri}) = Ek({Ri}). (3.8)
The above equation describes the ionic eigenfunctions, and can be explicitly written
as
+ -2 qIi -q.)] q({qq}) =(E E)0({qji}) (3.9)
where qi = Ri - R° are the ionic displacements from the equilibrium positions. A
crude approximation to the eigenstates of the electrons could be found by using
some mean value of Ri in the Hlion term in Eq. 3.5 (this is the so-called Condon
approximation). The solution to the above coupled dynamic lattice equation is easily
solvet, using a harmonic oscillator approximation and describing the motion of the
ions in terms of normal modes, Qj, where the ionic eigenstates are now products of
harmonic oscillator functions:
3N-6
1{(QJ)}) = II Ii'7) (3.10)
J
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with average eigenenergies given by
E - Ee, = hwj((nj) + ), (3.11)
-,2 (311)
where wj is the angular frequency of the jth (phonon) mode which has an average
occupation number, (nj) given by Bose-Einstein statistics.
3.3 Raman Scattering Cross Section
Kramers and Heisenberg [60] first treated the problem of light scattering involving the
summation-over-states, which was later extended by Dirac [23] using radiation field
theory. The total scattered power from an electron-lattice transition can be written
as [114]
Pf i = Ioaf i (EL) (3.12)
where the i and f refer to a Raman transition between two states i) and If) of a
scattering system, where Io is the irradiance of the incident radiation (given in W
m- 2 ) and aof i(EL) is the scattering cross section for a photon with energy EL. When
expressed in terms of the transition polarizability tensor
Pfi O (o ± Vfi)4I0o Z[a]fi[pa];i (3.13)
p,O
where v0 and vfi are the wavenumbers of the exciting line and of the Raman transition
If) +- i), respectively, and [ap,,]fi is the path element of the transition polarizability
tensor:
1 [Pp]fr[/Ioa]ri [/[La]fr[ilp]ri
lapali= jE Z (3.14)V7i - Vf + irr 11rf + iO + r(.
In this equation [pI]fr is the pth component of the transition dipole moment associated
with the transition If) - Ir) and i is a damping factor, which is related to the
lifetime of the state r). Strictly, the summation is over all states r) of the system,
including i) and If), but it has been shown that, for Raman scattering, i) and If)
may be excluded from the sum. Clearly, the resonant Raman (RRS) effect occurs
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when 0o /. ri, resulting in an increase of [ap,]fi and consequently an increase in
Raman intensity. First we examine normal (i.e. non-resonant) Raman scattering and
then we will study Raman scattering under resonant conditions [19].
3.3.1 Normal Raman Scattering
When we invoke the adiabatic Born-Oppenheimer approximation, the vibronic states
li), If), and r) are formed by products of the pure vibrational and the pure electronic
states. The electronic states are referred to some fixed position of the nuclei and are
parametrically dependent on the normal coordinate, Qk, of the molecule. If we use the
labels Ig) and le) for the ground and excited electronic states, respectively, and m),
In), Iv) to represent the vibrational states of the scattering species, we can express
the vibronic states as:
i) = gm) = Ig)lm)
If) = Ign) = g)ln)
Ir) =lev) = le)lv)
The transition polarizability can then be expressed as:
1 (n[pp]g,[ev)(v|[,] e1m) + (nl [l.]gev) (l[ lzpegm)
[tpa]gn,gm = - (g) + vp ) (3.15)hc e Vev,gm - o + ifev vv,gn + vo + ifev
where [p]ge is the pure electronic transition moment associated with the transition
1g) +- le). Under the adiabatic Born-Oppenheimer condition, the electronic transition
moment depends very little on the normal coordinates of the system (Qk). We can
therefore express []ge as a rapidly converging Taylor series expanded about the
equilibrium position:
[rp]ge = [lp]e + [p]geQk + (3.16)
k
where [,,1]'=d/aQk, and the higher order terms are negligibly small. We can now
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re-write the matrix elements as:
(n[pp]gejv) = [p]°,<(njv) + [pp]je(nlQkv). (3.17)
k
In the ideal limit of excitations far away from any allowed electronic absorption
we can make the approximations that (1) the denominators in the transition polar-
izability are large and insensitive to the vibrational quantum numbers m, n and v
(so the difference v,,gm and vevg, may be neglected), (2) the states Irn) represent a
complete orthonormal set and satisfy the closure relation , Ijv)(vl=1, (3) and since
(v,,,gm - vo) and (vg,g + vo0) are much larger than the damping factor (ir,,), it may
be neglected. After we make the approximations, and use the relation
(> - o)- l + ( e-- o)-1 = 2e(v - v02)- ' (3.18)
then the transition polarizability will finally be expressed as:
1 2e
e ( - ) {[ ¥19P[ '11L + [Lp]ge[lloL(nQkln)
E 2E [Ip] 1e[ieKg(nQkQk'lm) (3.19)
k,k' ( 2,2 L
The first term describes Rayleigh scattering ((nlm) = 6nn), the second term
((nlQkIm)) contains both Stokes and anti-Stokes scattering terms (n = m±l), and
the third term describes the first overtones (k = k') and combination terms (k £ k').
3.3.2 Resonance Raman Scattering
Although the Born-Oppenheimer approximation is assumed to still be valid, we can-
not make the other assumptions as those from normal Raman scattering: (1) we
cannot invokes the closure relation (, Iv)(vj=1), since the denominator is depen-
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I
dent on the quantum number v; (2) the difference (v,,,gm - vo) is on the order of
the damping factor (irev), so it cannot be neglected; and (3) the first-order term
([ip]je=0 /9 Qk) in the Taylor expansion of Eq. 3.16 needs to be defined explicitly.
In the Herzberg-Teller perturbation description of vibronic coupling, the derivative
of the transition moment arises because the variation in the Hamiltonian with respect
to the normal coordinate Qk can couple the state le) with other states Is) of the
appropriate symmetry, such as
= + o ~ [i h Qk.(3.20)[Ap]ge = [P]ge + E [lp]s °e Qk + ---- (3.20)
k S"yes
where Is) represents another excited state. As before, the higher order terms are
generally negligible.
The term hk//\es is a measure of the strength of vibronic coupling of the states e)
and s) via the normal coordinate Qk. The Herzberg-Teller expansion is only valid for
weak vibronic coupling, i.e. within the framework of the adiabatic Born-Oppenheimer
approximation.
As vo approaches some particular transition wavenumber ve,,g,, the relevant ex-
cited state will dominate the sum over states. The non-resonant part of the transition
polarizability may be neglected at resonance. When we apply these considerations to
Eq. 3.15, there are four contributions to the transition polarizability:
yes, = (el6H/6QklS)Qk= o (3.21)
[capo]gn,gm = A + B + C + D (3.22)
where:
1 o (ng lve) (vem) (3.23
-A = C[p]e[laeg c1 (3.23)
B hk E (flgQkIve)(velTng)B 2 C se e + oev
saj_1 C 9 AVs, V,,qm - V + iev
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h2c2 hugeiasg (ngIve)(v QkImg) (3.24)
1C 0 hgs (ng IQk IVe) (Ve Ims)
s=h2C2 .9pse [ .e Vev,g m- o + irev
1 0 hg9 (nglve)(veQkmg) 3.25
h2C2 S9g vs V1ev,gm - VO + irev
[tpIg,,[',],,9 es'es, I (3.26)
ss'he PAves Aves' v Vev,gm - Vo + irev
3.3.3 A-Term Resonance Raman Scattering
For the A-term contribution (Eq. 3.23) to be non-zero, two conditions must be sat-
isfied: (1) t is necessary that the transition dipole moments [UZp]°e and [] 0 are
non-zero (i.e., are electric-dipole-allowed), which requires excitation at an intense
absorption band, such as one of the charge transfer (CT) or r-7r* type. (2) The vibra-
tional overlap integrals (Franck-Condon factors), (nglve) (velmg), must be non-zero for
some values of v, and so the vibrational wavefunctions X and X,, must overlap (i.e. be
non-orthogonal). For any vibrational mode Pk of a molecule, the non-orthogonality
will occur if there is either (a) a difference of vibrational wavunumber (v # vkg) as
a result of a change in shape of the potential energy surface, or (b) a displacement
of the potential energy minimum along the normal coordinate, AQk. Symmetry dic-
tates that such a displacement may only occur for totally symmetric modes unless the
molecule symmetry is altered in the excited state. Usually a significant change of the
vibrational wavenumber occurs only where there is a displacement (Fig. 3-1) of the
potential energy minimum (AQ # 0). Dependent on the magnitude of the AQ, the
Franck-Condon factors, (ngv,)(vlmg), may have appreciable size for up to several
quanta of n. Thus the A-term can give rise to overtones of intensity comparable to
the fundamental. This has particular importance in Chapter 6, where the overtones
of Raman features for carbon nanotubes will be analyzed.
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Figure 3-1: Potential energy diagrams
excited state (e).
for the ground state (g) and the resonant
3.3.4 B-Term Resonance Raman Scattering
The B-term (Eq. 3.24) comes from vibronic coupling of the resonant state (e) to
other excited states (s). Its magnitude is dependent on the vibronic coupling inte-
gral h, on the products of vibrational transition integrals and overlaps integrals,
e.g. (nglQklve)(Velmg), on the transition dipole moments [p] e and [,]' and on the
energy difference between the coupled states, hc(v, - ve). For the B-term to be non-
zero, both the resonant transition (e)- 1g9)) and the transition Is) +- Ig) should be
electric-dipole-allowed. B-term activity may be expected for both totally symmetric
and totally non-symmetric vibrations. However, the factor h s(vs - ve)- in the de-
nominator of the equation usually makes the B-term much smaller than the A-term,
and it is usually significant only for fundamentals (n=l).
3.3.5 C- and D-Term Resonance Raman Scattering
For the C-term (Eq. 3.25), it is the ground state that vibronically couples to other
excited states, as indicated by the vibronic coupling integrals h and hk9 . This C-
term is assumed to be negligibly small due to the large energy difference between the
ground- and excited states.
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Figure 3-2: Energy level diagram for Breit-Wigner-Fano interference. Here W is the
matrix element for a non-radiative decay.
The D-term (Eq. 3.26) is also much smaller than the B-term. It involves vibronic
coupling of the resonant state (e) to two other excited states (s and s') through the
vibronic integrals he8 and hk,, and may give rise to first overtones (k = k') and binary
combinations (k 4 k') of both totally symmetric and totally non-symmetric modes.
3.4 Raman Lineshapes
Usually a superposition of Lorentzian phonon lineshapes, which take into account
the phonon lifetime (or decay) and some increase in linewidth due to inhomogeneous
broadening processes, adequately describes the Raman spectrum. An asymmetric
lineshape is observed in the Raman spectrum at times, and in this case the coupling
of excitations must be considered. For the carbon nanotubes, a Breit-Wigner-Fano
lineshape [361 is at times observed in the Raman spectrum. In this case, there is some
coupling of the phonon line to a continuum. We consider this asymmetric lineshape
in the next section.
3.4.1 Raman Scattering from Coupled Electron-Phonon Ex-
citations
U. Fano [36] referred to the coupling in the Breit-Wigner-Fano (B-W-F) process as
auto-ionization. In the B-W-F process there are two scattering channels [112] into
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the same heavily damped final state (see Fig. 3-2), one direct
(21a22l0) (3.27)
and one indirect, via the discrete state
(21Wl1)(lcalo0) (3.28)
where W is a matrix element describing a non-radiative transition from the discrete
state to the continuum. The lineshape resulting from this kind of interaction is given
by
I(v) = Io[1 + 2(v - v,)lqr]2 /[1 + [2(v - v,)/r]2] (3.29)
which is related to a Lorentzian lineshape in the limit that the interaction parameter
(l/q) -+ 0, where q a dimensionless constant given by
q = (llajl0)/7r(1jW12)(2a 210), (3.30)
and the width r is related to the strength of the matrix element (coupling) between
the discrete line and the continuum
r= r- i(lW12)]2 . (3.31)
The width of the resulting B-W-F lineshape is proportional to the square of the
matrix element coupling the discrete line and the continuum, and thus a broader
B-W-F peak would indicate increased coupling. The interaction parameter (1/q) is
related to the coupling matrix element; if q is negative (positive), then the strongest
coupling is to a continuum located at a lowver (higher) energy than the discrete state.
The B-W-F lineshape has been used to fit Raman peaks resulting from the coupling
of phonons to interband hole transitions in p-doped silicon [54]. In Chapter 5, I
will use this asymmetric Breit-Wigner-Fano lineshape to perform comparative fits to
Raman bands attributed to metallic and semiconducting carbon nanotubes.
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Chapter 4
First-Order Raman Spectra
4.1 Introduction
Raman spectroscopy has proven to be a very effective tool in the study of not only
the vibrational properties of the carbon nanotubes, but also the one-dimensional
electronic density of states through the resonant Raman effect. When the incident
or Raman scattered photon match the energy of an allowed transition in the carbon
nanotubes, then the Raman signal is increased by over six orders of magnitude relative
to the non-resonant signal. Due to the very sharp van Hove singularities in the
one-dimensional electronic density of states, optical absorption is very high under
resonant conditions, and thus the carbon nanotubes are excellent Raman scatterers.
In our work we have used several different samples of carbon nanotubes with narrow
Gaussian diameter distributions, and we have been able to probe the predicted 1D
behaviors in the Raman spectra.
The first-order Raman spectra of single-walled carbon nanotubes are dominated by
three features, two of which were introduced in Chapter 2. The radial breathing mode
(RBM) feature is located at very low frequency shifts (200 cm -') and involves a
radially symmetric motion of the carbon atoms about the axis of the nanotubes. This
feature yields structural information about the nanotubes, since the RBM frequency is
inversely proportional to the nanotube diameter (see Fig. 2-18). In the intermediate
frequency region is a small feature located at 1300 cm-' (D-band), which has a
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completely different and highly dispersive resonant behavior, i.e., it shifts to higher
frequencies as the laser excitation energy is increased. This feature is associated with
a 2D resonant behavior of the carbon nanotubes. The high frequency tangential
mode (TM) region involves motion of the carbon along the nanotube axis, about
the circumference, and all tangential directions in between. Study of this mode has
yielded a lot of information about the electronic density of states and the nature of the
electron-phonon coupling. I will compared the resonant behavior of two samples of
carbon nanotubes with different diameter distributions in to point out what important
electronic and vibrational information these different regions of the Raman spectra
can yield.
4.2 Experimental Details
The carbon nanotube samples used for this study were formulated using the electric
arc discharge method. The first sample (S1) was produced using a 1 at.%Ni and
1 at.% Fe catalyst mixture, resulting in dt=1.35 +0.20 nm. Carbolex Inc. of Lexington,
Kentucky used the Electric arc discharge method with a 4:1 catalyst mixture of Ni:Y
to produce SWNTS with a narrow distribution of large diameters, dt = 1.494±0.20 nm
(sample S2). The diameter distribution of samples S1 and S2 were determined through
the location of their radial breathing mode frequencies, as will be discussed in section
4.4. The third sample (S3) used a 2.6at.%oNi, 0.7at.%Fe and 0.7at.%Co catalyst
mixture along with 0.75 at.% FeS, resulting in SWNTs with a broad distribution of
diameters (mean diameter of 1.85 nm) [68]. The diameter distribution of samples S3
was determined from transmission electron microscopy measurements.
Raman spectroscopy experiments were performed under ambient conditions in a
backscattering configuration using several laser excitation lines. These lines include
the argon lines at 457.9nni (2.71eV), 488nm (2.54eV) and 514.5nm (2.41eV): the
krypton lines at 568.2 nn (2.19eV), 647.1nm (1.92eV) and 676.4 nm (1.83eV); the
He-Ne line at 632.8 nm (1.96 eV); and a diode laser at 785 rn (1.58 eV). The spectral
resolution of the different Raman systems for phonons was better than 2cm-'. A
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Figure 4-1: First-order Raman spectra for carbon nanotubes with diameter distri-
bution dt = 1.49 ± 0.20nm over the phonon frequency range 100-1700cm- ' for
El,,r = 1.58,1.96,2.19, and 2.41eV. The radial breathing mode feature for Elser
= 2.19 and 2.41 eV has been magnified.
Ti:Sapphire laser at 830 nm (1.49 eV) was also used, where the spectral resolution for
this system was -8 cm- 1 .
4.3 First-order Raman Spectrum
Figure 4-1 shows the entire first-order Raman spectra for sample S2. The two dom-
inant features in the Raman spectra are the radial breathing modes (WRBM) located
in the 150-200cm -1 range, and the tangential modes (wt,,,ng) located in the 1530-
1610 cm-' range). All four spectra are plotted so that the tangential G-band features
(-1600cm- 1 ) have the same intensity, in order to draw attention to the changes in
relative intensity of WRBM VS. Wtanrg as El,,er is varied.
Both of these features in the first-order Raman spectra are resonantly enhanced
when the laser excitation energy (Elaser) is equal to the energy separation between a
singularity in the 1D electron density of states in the valence and conduction bands,
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such as the Eii energy separations (between the ith conduction band singularity and
the ith valence band singularity), Eii = Ell, E22, ... A summary of all the Eii energy
separations for all (n, m) nanotubes up to a nanotube diameter of 3.0 nm is given in
Fig. 2-10. A similar figure was first published by Kataura [52] for yo = 2.75 eV, but
the plot presented in this thesis is for yo = 2.90 eV [99], which provides a better fit to
our Raman data. Resonant enhancement occurs not only for the incident photon but
also for the scattered photon, so that the conditions for resonant Raman scattering
include Elaser = Eii and Elaser = Eii + hWphonon for the Stokes process. However, the
resonance behavior of the radial breathing mode feature and the tangential mode
feature is quite different, as will be pointed out in the next two sections.
Since the energy separations Eii(dt) in Fig. 2-10 are strongly dependent on the
diameter dt of the nanotubes, a change in the energy of the incident laser beam
Easer results in the resonant Raman excitation of different nanotubes. Furthermore,
hwiphonon canl be as large as 0.2 eV for first-order scattering processes for the tangential
modes. Therefore, the specific nanotubes in a given sample that are excited in the
radial breathing mode Raman scattering process can be different from the nanotubes
that participate in the tangential mode scattering process.
4.4 Radial Breathing Mode
The radial breathing mode frequency WRBM depends on the nanotube diameter dt in
accordance with WRRM c l/dtr, independent of the chirality of the nanotube. There-
fore, a variation of Easer results in a variation of the observed wRBNt due to selective
resonance with different nanotubes, as has been studied extensively by many authors
[6, 27, 45, 49, 62, 63, 95, 109, 116]. The RBM feature at any given value of Elaser
is a superposition of the individual RBM mode frequencies for all of the given nan-
otubes in the sample for which El,aer matches an electronic resonance. Thus, from
Fig. 4-1, the RBM feature is seen to change both relative intensities and position in
the first-order Raman spectrum relative to the tangential band feature with differing
laser excitation energies. Figure 4-2 shows how the shape of the RBM feature varies
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Figure 4-2: The radial breathing mode feature in the Raman spectra for carbon
nanotubes with a diameter distribution dt = 1.49 ± 0.20 nm collected using Elaer =
1.58, 2.19, and 2.41eV. The inset shows a modified Gaussian distribution for the
number of nanotubes in the sample expected to have a given radial breathing mode
frequency. The distribution is centered at 165cm -1 , and vertical lines show the
location of 155 cm -1 and 170 cm-'.
Table 4.1:
Lorentzian
values (see
Summary of the peak frequencies and linewidths
components for the radial breathing modes (RBM) for
Fig. 4-2) from SWNTs with dt=1.49±0.2 nm.
(in cm-') of the
the indicated El,,aser
WRBM
Elaser 1.58eV 2.19eV 2.41 eV 2.54eV
Line w r w r w r w r
#1 -- - -- 142 10 ---
#2 150 14 -- --- 155 10 .. -I
#3 162 11 158 10 -- - 159 11
#4 - -- 171 10 170 10 - -
#5 - - - - 178 10 176 9
#6 - -- - 188 10 - -
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Figure 4-3: Radial breathing mode feature in the Raman spectra for carbon nanotubes
with peak diameters d0=1.35, 1.49 and 1.85 nmn for El,,,e = 2.41 eV, showing different
spectra, thereby reflecting the different diameter distributions of the three samples.
with laser excitation energy. Fits to these features using Lorentzian oscillators with
similar widths are listed in Table 4.1. The center frequency of the R.BM feature for
this sample of SWNTs is located at -165 cm- .
Once you have the radial breathing mode feature of a sample of SWNTs, collected
for several different laser excitation energies, then you can use the proportionality of
the RBM peak frequency to the inverse diameter (dt) to gauge the diameter distri-
bution of the sample using relations like Eq. 2.29, which take into account intertube
interactions. Fig. 4-3 displays the RBM feature collected using Eiaer, = 2.41eV for
the three samples of SWNTs denoted by S1, S2, and S3. The center of the feature
is seen to shift to lower values of wavenumber shift (cnlm- ) as the center diameter of
the sample do becomes larger, consistent with the relation WR13M ocl/dt.
Many groups have tried to predict the resonant intensity changes in the radial
breathing mode region as a function of laser excitation energy. However, they have
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had mixed success. We, however, have put our efforts into extracting information
from the higher frequency Raman features (1600cm-') of the carbon nanotubes.
4.5 Tangential G-band
The characteristic features of the tangential G-band modes of the first-order spec-
trum are also due to resonant Raman effects associated with singularities in the 1D
electron density of states, but the tangential mode spectra have characteristics that
are different from those of the radial breathing modes. Results for the first-order
resonant Raman spectra for the tangential modes for the three nanotube samples
used in this study are presented in Fig. 4-4 for several different laser excitation ener-
gies. The tangential G-band feature (-1600cm-') of single-wall carbon nanotubes,
which comes from out-of-phase C=C bond stretching motion of the carbon atoms
(as displayed for (10,10) armchair nanotubes in Fig. 2-17) similar to the motion of
the Raman active E292 mode of graphite located at 1582 cm - 1, is expected to exhibit
only a very weak dependence on nanotube diameter (see Fig. 2-16) [26, 271. However,
we note that there are differences in the Raman G-band as a function of not only
Eraser for a given sample, but also as a function of dt for a given value of El,,er as
expected from Fig. 4-6. The tangential G-band feature of sample S1 has a narrow
lineshape, shown in Fig. 4-4 (a) for Eler > 2.41 eV and Elaser 1.58eV, for a wide
range of Elaser, and is essentially independent of Elaser[89]. Similarly for sample S2,
Raman tangential band features for Elaer = 1.49eV and for El,,r > 2.19eV are also
quite similar (Fig. 4-4 (b)). However, in a narrow laser excitation energy range for
both samples, the Raman tangential band feature is seen to broaden and the center
of the broad feature is downshifted to a lower value of Raman shift. For sample S1,
this energy window occurs in the range 1.8 < Elaser < 2.4eV, while for sample S2,
this window is located at lower laser excitation energies (1.5 < El,,r 2.1 eV). The
sample with the broad distribution of larger diameters (S3) is seen to undergo only
modest changes in lineshape with differing values of laser excitation energy. These
startling differences among the three samples will be shown to be attributable to the
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Figure 4-4: Tangential band feature in the Raman spectra for samples of carbon
nanotubes with narrow diameter distributions (a) dt = 1.35 ± 0.2 nm (S1) and (b)
dt = 1.49 ± 0.20 nm (S2), as well as (c) a sample with a broad distribution of diameters
peaked at dt=1.85 nm (S3), collected using the indicated values of laser excitation
energy (Elaser).
1D nature of the electronic density of states for carbon nanotubes due to transitions
between the van Hove singularities in the valence and conduction bands.
In 1998, Pimenta et al. [89] performed detailed lineshape analysis of the different
Raman G-band features from resonant Raman experiments on a sample of carbon
nanotubes synthesized by the group at Rice University using the laser vaporization
of a carbon target containing 1 to 2 at.% of Ni/Co in a furnace at 12000C [95, 118].
The diameter distribution for these SWNTs (obtained from TEM contrast images)
is dt - 1.37±0.18nm, which is quite similar to those of sample S1, and so their
resonant Raman spectra should also be similar. Their SWNTs also exhibited a narrow
lineshape for Elaser > 2.4 eV and Elaser > 1.8eV and the broad, downshifted G-band
feature for 1.8 < Elaser < 2.4eV, in good agreement with the data in Fig. 4-4 (a).
Each narrow G-band feature from the different values of E1er was fit with 6
Lorentzian oscillators located at 1522, 1547, 1563, 1570, 1593 and 1601cm - ' [89].
These oscillators had similar positions, widths and relative intensities for the different
laser lines, with the 1590 cm-1 peak being the most intense [89]. The broader down-
shifted G-band feature was attributed to the superposition of 4 broader (resonantly
enhanced) Lorentzian oscillators located at 1515, 1540, 1558 and 1581 cm- ' with the
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6 narrower Lorentzian lines in the spectrum. The narrow Raman bands obtained
for Elaer > 2.4eV and Easer > 1.8eV were attributed to the resonant enhancement
of the phonon modes for the semiconducting nanotubes, which are believed to make
up approximately 2/3 of the sample. By citing corroborating evidence such as the
STS/STM measurements (see Fig. 2-12), Pimenta et al. showed that the narrow en-
ergy window where the broad downshifted G-band feature appeared is described by
the resonant enhancement of the phonon modes for the metallic carbon nanotubes
in the sample when either the incident laser photon or the Raman scattered photon
matched the first allowed electronic transitions of the metallic nanotubes (see Eq. 4.1)
in the sample. They showed this connection explicitly by plotting the expected Ra-
man intensity for the metallic nanotubes within the metallic window for the nanotube
samples using the following formula:
I(Easer) -= Edl.nm A exp[d2 ]
[(E-M(d) - El.,)2 d 2/4] (4.1)
x [(EM(d)E + (4.1)
X [(EM(d) - El,,er + Ephonon)2 + r;/4]-,
where do and Ad are the center and the width of the Gaussian distribution of nan-
otube diameters, and Ephonon is the average energy (0.197 eV) of the tangential G-
band phonons. They approximated I(El,,ar) by normalizing the intensity of the most
intense "metallic" component (the 1540cm- ' peak) to the most intense "semicon-
ducting" component (the 1593crnm- peak), since there were no calibrations available
for absolute intensities, and most spectral traces showing contributions from metallic
nanotubes (as will be seen in Fig. 4-9) also showed contributions from semiconduct-
ing nanotubes. The damping factor rF avoids the divergence of the (lollble resonance
expression for the Raman cross-section [97] and accounts for the width of the singu-
larities in the electronic DOS and the lifetime of the excited state. For the diameter
dependence of EM, Pimenta et al. used the expression calculated by White and Mint-
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Figure 4-5: The solid circles represent the intensity ratio of the Raman peaks at 1540
and 1593 cm - l, and the solid curve represents the fit to the experimental data using
Eqs. (4.1) and (4.2) [89]. The inset shows the distribution of diameters measured by
TEM [95] and the Gaussian fit to the diameter distribution data [89].
mire [123], and Charlier and Lambin [16] for armchair nanotubes
E 1 '(d) = 6ac-co (4.2)d
where a_C is the Carbon-Carbon distance and yo is the electronic overlap integral.
The best fit of Eqs. (4.1) and (4.2) to the plot of the intensity ratio 1154o0/1I53 VS. Elaser
measurements in Fig. 4-5 for their SWNT sample (dt = 1.37+0.18 nm), was achieved
for o = 2.95 ±0.05 eV, re= 0.04 ±0.02eV, a full width of the distribution AE' ((dt)
= 0.24eV, and a mean value for the energy separation (E,'(dt)) = 1.84eV. These
values for (E~ (dr)) and Em(dt) arc in good agreement with the direct measuremrnents
of EN (dt) by scanning tunneling spectroscopy (STS) (see Fig. 2-12) [124].
In applying this resonant Raman scattering cross-section formula to the three sam-
ples from the electric arc discharge method, I found that the energy window for the
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Figure 4-6: Calculation of the energy separations AE = Eli(dt) for nanotubes with
all (n, mn) indices [26] as a function of nanotube diameter between 0.7 < dt < 3.0 nm
(based on prior work of Kataura et al. [52]). The calculation of AE vs. dt [103] is based
on the tight binding mo(lel with -^y = 2.90 eV and s = 0, where s is the tight binding
overlap integral. The semicondullcting and metallic nanotubes are indicated by crosses
and open circles, respectively. The filled squares denote the zigzag tubes. The inset
shows the experimental range of El,,,r which is expected( to be resonant with metallic
nanotubes of diameters d, = 1.49 ± 0.20 nm (square points) and dt = 1.37 ± 0.18 nm
(solid curve) [89].
resonant enhancement of the p)honon modes for the metallic nanotubes in sample S1
corresponded well to that from the laser val)orization nanotubes stud(iedl by PiImnta
et al., consistent with their similar diameter (listriblitions. In fact, this formula can
be applied to sample S2 as well, since it also contains a narrow diameter (listribution
of nanotllbes. The inset to Fig. 4-6 shows a com)parison of the calculation of this res-
onance energy window for the appearance of the i)roader downshifted Raman feature
for the laser vaporization nanotube sample and sallmple S2. On average, Sample S2
nanotubes are -9% larger in diameter than sample S1. Consequently the resonant
energies for the metallic window for the 1.49nrn diamrneter sample (S2) are lowered
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Figure 4-7: Tangential band feature in the Raman spectra for samples of carbon
nanotubes with diameter distributions (a) dt = 1.37 ± 0.18nm (Ref. [89]) and (b)
dt = 1.49±0.20 nm (sample S2), collected using the indicated values of laser excitation
energy (Eier).
with respect to that for the 1.37 nm diameter sample (laser vaporization), as can be
seen from the inset to Fig. 4-6 which gives a comparison between the metallic windows
calculated for the two samples based on the diameter distribution. In fact, if we com-
pare the resonant Raman spectra of the sample of SWNTs from laser vaporization (dt
= 1.370.18nm) to that from sample S2 (dt = 1.49±0.18nm), as shown in Fig. 4-7,
we see the remarkable agreement with the calculated metallic resonant enhancement
energy window for the two different diameter distributions (inset to Fig. 4-6) and the
appearance of the broad tangential band feature.
In order to associate experimental points with the resonant energy window for
the metallic nanotubes in the sample, we need to perform detailed lincshape analyses
of the tangential G-band from the semiconducting SWNTs. They are also used for
normalization in mapping the appearance of the tangential G-band features from the
metallic nanotubes, since there are no calibrations available for absolute intensities,
and the spectral traces showing contributions from metallic nanotubes for this sample
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(shown in Fig. 4-9) also show contributions from semiconducting nanotubes. In the
next section I will briefly describe the recent polarized Raman spectroscopy measure-
ments on the tangential G-band from semiconducting SWNTs, which have indicated
how to fit these bands.
4.5.1 Polarization Studies of Semiconducting Nanotubes
Polarized Raman spectroscopy measurements were performed by Jorio et al. [44]
on the narrow Raman G-band feature attributable to semiconducting nanotubes to
determine the symmetries of different components of the G-band feature through their
behavior for the four different Raman polarization measurement geometries (XX),
(XZ), (ZX) and (ZZ), where light is propagating along y and the tube axis is along
. The (ZZ) geometry had the highest Raman intensity, while the intensity from the
cross-polarization geometries [(XZ) and (ZX)] was reduced by a factor of 6, where
all three were fit using only two Raman bands located at 1567 and 1590cm- '. The
(XX) geometry was fit with four Lorentzian oscillators, with the lowest and highest
Lorentzian oscillators located at 1550 and 1607cm-l.
As was shown in Chapter 2, the tangential G-band feature for carbon nanotulbes
is a superposition of six phonon modes, two each of A (Ag1 ), El (El.) and E2 (E29)
symmetries. The three different symmetries behave differently under these three
geometries, where the A (.419) modes should only appear in the (XX) and (ZZ)
geometries, and the E2 (E29) in the (XX) geometries (i.e., in the parallel polarization
geometries), while the E1 (Elg) modes should only show up in cross-polarized spectra
[(XZ) and (ZX)]. Through solving the dynamic matrix, Saito et al. [102] found that,
for (10,10) armchair nanotubes, the mode displacements with high intensities are
located at 1585cm- ' (Ei 9), 1587cm- 1 (Alg) and 1591cm -l (E2g). Kahn et al. 1461
found that the orientation of the hexagon along the nanotube (see Fig. 4-8), i.e., by
reducing the chiral angle from =30 ° to 0=00 in going from armchair (0=30°), through
chiral to the other extreme of zigzag nanotubes (0=0°), in fact, changes the order of
the frequencies of these modes, so that for zigzag nanotubes the order is E29, A 19, then
Elg modes (lowest to highest frequencies). .orio et al. [441 attributed the lowest and
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Figure 4-8: The orientation of the hexagons relative to carbon atom displacements
perpendicular (I z) and parallel (II z) to the nanotube axis for an armchair and a
zigzag nanotube [43].
highest Lorentzian oscillators (1550 and 1607 cm-') to the E2 (E29 ) mode symmetries,
since they only appeared in the (XX) geometry, with the lower frequency coining from
zigzag and low chiral angle nanotulbes, and the higher frequency comnling from high
chiral angle nanotubes. The two middle Lorentzian oscillators (1567 and 1591 cm- l )
were each attributed to a mixture of an A (Al,) and an El (El,) mode, which could not
be resolved, and where the 1567cm - Lorentzian component involves normal mode
displacements around the nanotube circumference, and the 1591cn - l' component
comes from carbon atoim displacements along the axis. All fits to the tangential G-
band feature from semiconducting nanotubes in this thesis are therefore made ulsing
four Lorentzian oscillators (1550, 1567, 1591 and 1607cmn'), in accordance with
these polarization studies.
4.5.2 Tangential G-band features of Semiconducting SWNTs
A detailed lineshape analysis of the spectra in Fig.4-4 (b) is rel)orted here and a
summary of the peak frequencies and linewidths of the main components of the first-
order -tangential band is given in Table4.2 for four El,,,r valules. The fits to the
tangential G-band feature for El,,r=1.58 and 2.19 eV are shown in Fig. 4-9. The
results show that the same four Lorentzian components are found in the spectra taken
at 1.49 (not shown in Table4.2), 2.1.9, 2.41, and 2.54eV, in all cases showing similar
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Figure 4-9: Detailed lineshape analysis of the tangential G-band feature from samples
of nanotubes with diameters do=1.49 nm, collected using Ela,,er = 1.58 eV and 2.19 eV.
peak frequencies, linewidths and relative intensities (Table4.2). The frequencies,
widths and relative intensities used to fit the semiconducting G-band feature are found
to vary little for the three different samples used in this study. In the range of Elaier
where the broader, downshifted tangential G-band feature from metallic nanotubes
appear, the features have been fit using either the Breit-Wigner-Fano (interaction)
lineshapes or Lorentzian oscillators. Pimenta et al. [89] fit the broad features using
only Lorentzian oscillators, and noted that the line broadening effects were due to
laser-induced electronic resonances involving metallic nanotubes and to the coupling
between phonons and conduction electrons in the metallic nanotubes. It is difficult
to make a confident determination of the lineshapes best needed to fit the tangential
G-band feature from metallic SWNTs because, as can be seen in Fig. 4-9 for El er
1.58 eV, whenever the G-band features for metallic nanotubes are resonantly enhanced
in the Stokes-scattered photon window, contributions from semiconducting nanotubes
are also present. In the next chapter, I will describe how I was able to overcome this
obstacle and obtain the Raman bands for only metallic nanotubes through performing
resonant Raman spectroscopy in the anti-Stokes region of the Raman spectrum.
Without justification at this point, I used a Breit-Wigner-Fano lineshape for the
lower frequency metallic component (1545cm - ') and a Lorentzian oscillator for the
higher frequency component (1577cm-1). The reasoning for this selection of line:
shapes will become clear in the next chapter. The normalized intensity of the feature
at 1545cmi- associated with metallic nanotubes is a maximum for E!wer 1.8eV
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Table 4.2: A summary of the peak frequencies and linewidths (in cm - l) of the main
components of the tangential band (tang) (see Fig. 4-4) of the single-wall carbon
nanotubes with dt = 1.49+0.2 nm, for selected values of Easer. The relative intensity
(Rel. Int.) for a given peak is the ratio of that peak intensity to the 1592cm-'
component for that laser line. The symbols (*) and (t) indicate the Raman bands
attributed to metallic and semiconducting nanotubes, respectively.
1.58eV 2.19 eV 2.41 eV 2.54 eV
Rel. Int. w r 1/q w F w F w r
3.7 1545* 56 -0.21 -- - -- 
0.2 1552t 18 - 15 53 t 19 155 4 t 18 15 5 4 t 22
0.3 15 6 6 t 14 156 9 t 14 156 8 t 14 15 66 t 120.9 1577* 24 - _ -- _ -- -- .
1.0 1591t 17 - 159 2 t 15 1 59 4 t 13 1591t 12
0.3 1607 t 26 - 1 60 7 t 26 1 60 6 t 26 1607 t 23
(see inset to Fig. 4-6), and( here the normalization of Ii540( is done with respect to the
intensity of the 1592 cm- 1 feature, which is the most intense Lorentzian oscillator is-
sociated with serniconducting nanotulbes, consistent with Fig. 4-4 (b). The calculated
resonance energy window for metallic nanotlll)es is fit to the explerimental lata points
for sample S1, andl the results are compared to the sample prepared by1) llsed-laser
vaporization (Ref. [89]). In )oth cases the fit to the metallic window of the nanotuies
yielded a value of y( = 2.95 ± 0.05 eV, which is consistent with the values of Y70 lsed
in the calculations by Charlicr ,et al. [18] for Fig. 2-9 (3.0 eV) and by Saito ct al. [99]
for Fig. 4-6 (2.9eV). Equation 4.2 has therefore also l)een verified for another saI)le
of carbon nanotubes.
4.6 D-band Dispersion
One of the interesting featlres of the Raman s)ectra in sp2 carbon materials is the
laser energy dependence of the frequency of the disorder-induce(l D-harnd which is
observed between 1250 and 1450cmc'- . The D-bandl is activated in the first-order
scattering process by the presence of in-plane substitutional hetero-atoms, vacancies,
grain boundaries or other (lefects and )by finite size effects, all of which lower the
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Figure 4-10: Raman spectra in the range 1190-1390cm-1 for SWNTs (d0o=1.49 nm)
showing the upshift of the D-band peak frequency with increasing Easer.
crystalline symmetry of the quasi-infinite lattice. The association of the D-band with
symmetry-breaking phenomena results in a D-band intensity that is proportional
to the phonon density of states shown in Fig. 2-15(c) for graphite and for (10,10)
SWNTs. A dominant feature of the second-order Raman spectrum (discussed further
in Chapter 6) is the G'-band, which is the overtone of the D-band, and appears in
the frequency range 2500- 2900 cm when the laser excitation energy Ej.r is varied
from 1.0 to 4.5eV. Furthermore, the second-order G'-band is observed even in the
case of crystalline graphite, where the disorder-induced D-band is absent, so that the
G'-band is an intrinsic property of the 2D graphene lattice. It has been known for
about two decades [1211, that there is a strong dependence of the peak frequency for
the D-band on Elmer (see Fig. 4-10), and this phenomenon occurs in a similar way in
all kinds of sp2 carbon materials, such as graphon carbon black [78], hydrogenated
amorphous carbon [91], glassy carbon and crystalline graphite [7, 90, 122], and multi-
component carbon films [72]. It is believed that the D-band feature observed in
bundles of SWNTs has contributions from the SWNTs themselves, perhaps due to a
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Table 4.3: Summary of the peak frequencies (w) and linewidths (r) of the D-band
feature in the Raman spectrum from sample S2 (see Figs. 4-4 (b) and 4-10). Also listed
is the intensity of the D-band feature taken relative to the corresponding tangential
G-band feature for each spectrum.
Elaser w (cm - ') (cm-1 ) Rel. Int.
1.49 1280 44 0.12
1.58 1287 36 0.05
1.83 1310 40 0.18
1.92 1314 36 0.28
1.96 1314 36 0.20
2.19 1326 66 0.04
2.41 1339 53 0.02
2.54 1344 49 0.02
2.71 1353 55 0.02
a
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Figure 4-11: Frequency of the 'D-band' for sample S2 (see Fig. 4-10) s a finction of
laser excitation energy. The line is a least squares fit; to the data points. The fit to the
data points yields a slope of 57cm - l/eV and an intercept of 1200( cm- at Elar 0
[321.
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finite length effect [1081, as well as from other carbonaceous materials (e.g. amorphous
sp2 carbon coatings) present in the imperfectly purified SWNT samples that are now
available.
Figure 4-12 illustrates the basic mechanism responsible for the laser excitation de-
pendence of the D-band and the G'-band (discussed in Chapter 6) frequencies in sp2
carbons [7, 74, 90]. In the upper part of Fig. 4-12, we see that electronic transitions
between the r and 7r* electronic states of 2D graphite with energies corresponding to
visible photons only occur in the vicinity of the K point in the Brillouin zone (BZ)
through which the Fermi level EF passes [42, 102]. The phonons asso(iated with the
D-band and the G'-band have the same wavevectors Aq as the electronic states Ak
which are in resonance with the laser. Moreover, it is argued that these phonons
belong to the optic branch that contains the zone center E2g2 graphitic mode, repre-
sented by a heavy cu(rve in Fig. 4-12 [42, 102]. The reason why the phonons belonging
to this particular optic branch (exhiblit an especially large Raman cross-section com-
pared to other phonons with the same wavevector :Aq is attributed to their breathing-
mode displacements (see Fig. 4-13) which woul(l be expected to show strong deforma-
tion potential collupling to the elec(tronic states [74]. Referring to Fig. 4-13, we see that
for sp2 carbons all the carbon atoms aboullt the points labeled by x vil)rate through
breathing mnodle atom displacements with respect to point x, while (exhibiting typical
optical nlode dlisplacements with respect to the centers of the other two hexagons
in the honeycomb lattice [74]. This symmetric motion of the carbon atoms would
then result in the D-bandl and G'-band features being resonantly enhanced( through
a Franck-Condol n echanism.
From Fig. 4-4 (h), we see that the D-band increases in intensitv relative to the
tangential G-band, and becomes narrower as the laser excitation energy is lowered
from 2.54 cV. Table 4.3 lists the frequency andl linewidth of the D-band fature for
each laser excitation energy, and also the intensity of the D-b)and featllre relative to
the tangential feature from that spectrum. When El,,,er >2.1 eV, the D-band is very
weak, broad and poorly resolved. HIowever, when 1.6 eV< Eisr <2. l eV, the D-band
feature gains in intensity relative to the tangential G-band feature by a factor of 10
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Figure 4-12: Electronic energy bands E(k) (top) and phonon dispersion curves w(q)
of 2D graphite (bottom) [42, 1021. Both the phonon branch that is strongly coupled
to electronic bands in the optical excitation, and the electronic bands near the Fermi
level (E = 0) that have a dispersion relation that is linear in k are indicated by heavy
lines. The initial slope for the low frequency TA phonon branch (which is initially the
same along rM and along rK) is also indicated by heavy lines. The strong coupling
between the electrons of wave vector Ak, measured from the K point in the Brillouin
zlone, to phonons of wave vector Aq = Ak is responsible for the frequency dependence
of the D-band and the G'-band features in the Raman spectra of sp2 carbons and
carbon nanotubes [74].
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Figure 4-13: Schematic diagram of the atomic displacements (arrows) in the graphene
plane for the E2g2 mode at the r point, which can be viewed with respect to the un-
marked centers of the hexagons. For the atomic motions of the six atoms about
the hexagon centers denoted by x, breathing-type displacements are obtained corre-
sponding to normal modes associated with the K point in the Brillouin zone [74].
or more. It then diminishes as the laser excitation energy is lowered flrther. Thus,
the range of energies where this feature D-band is the most prominent coincides with
the resonant energy window for the enhancement of the Raman bands attributed to
metallic nanotubes. This feature will be found to play a very important role in later
chapters of the thesis, particularly in gauging the perturbation of the energy levels
of the carbon nanotubes in the surface-enhanced Raman spectroscopy experiments
(Chapter 7).
4.7 Conclusions
The resonant Rainan spectrum fromn single-walled carbon nanotubes contains fea-
tures with completely different types of resonant behavior. The frequency of the
radial breathing mode feature is inversely proportional to the nanotube diameter
and is used as a measure of the diameter distribution of a given sample of nan-
otubes The intermediate region contains the D-band feature, which is associated
with disorder-induced 2D dispersion in sp2 carbons, but may be an intrinsic feature
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of the nanotubes. Of particular interest is the high frequency tangential G-band fea-
ture which exhibits a narrow lineshape for the semiconducting nanotubes while the
resonant enhancement of the Raman bands for metallic carbon nanotubes introduces
broader, downshifted features to the Raman band. In Chapter 5, we will study the
Raman features attributed to metallic carbon nanotubes in greater detail.
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Chapter 5
Anti-Stokes Raman Spectra
5.1 Introduction
The anti-Stokes Raman spectra of single-wall carbon nanotubes (SWNTs) are unique
relative to other crystalline systems, especially in exhibiting large asymmetries with
regard to their corresponding Stokes spectra [55]. This asymmetry is due to the
unique resonant enhancement phenomena arising from their one-dimensional elec-
tronic (1D) density of states. The anti-Stokes spectra are therefore selective of spe-
cific carbon nanotubes, as previously reported for the Stokes spectra [27, 89, 95], but
the anti-Stokes spectra are selective of different single wall nanotulbes than for the
corresponding Stokes spectra at a given laser excitation energy El,,. This Chapter
focuses on the unique behavior of the anti-Stokes spectra for the first-order tangential
modes of sample S2 (narrow diameter distribution dt=1.49±0.2 nm), which allows an
accurate identification to be made of the range of Elser where only metallic nan-
otubes contribute to the resonant Raman spectra. This will then allow us to perform
a detailed lineshape analysis of the Raman bands attributed to metallic nanotubes,
devoid of contributions from semiconducting nanotubes.
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Figure 5-1: Schematic diagram of the Stokes (phonon emission) and anti-Stokes
(phonon absorption) scattering regions of the Raman spectrum. Since the anti-Stokes
region depends on scattering with existing phonons (determined by thermal popula-
tion), there is a Boltzmann factor reduction in the intensity of the Raman signal.
5.2 Experimental Details
Raman spectra were collected in both the Stokes and anti-Stokes scattered photon
regions (see Fig. 5-1) under ambient conditions in a backscattering configuration using
several laser excitation lines, including the krypton lines at 568.2 nm (2.19eV) and
647.1 nm (1.92 eV); the He-Ne line at 632.8 nm (1.96eV) and an Al-doped GaAs diode
laser at 782 nm (1.58eV), the last two from a Renishaw Raman microscope system.
The spectral resolution of these Raman systems was -2 cm- I and the laser power
density incident on the sample was always <40 W/cm2 . We also used a Ti:Sapphire
laser at 830 nm (1.49eV), where the spectral resolution was 4 cm - ' and the power
density was <1.5 MW/cm 2, using the lowest laser power necessary to observe anti-
Stokes spectra with this Raman system.
The sample temperature T, was measured using the Stokes tangential mode peak
frequency as an indicator, where the laser excitation energy (Elr,) was chosen so
that both the Stokes and anti-Stokes Raman spectra were semiconducting for the
given sample of carbon nanotubes. Li et al. performed a study comparing the rate of
downshift of the tangential G-hand feature of semiconducting carbon nanotubes due
to laser heating to that from heating using a temperature stage [66], and found that
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both followed a linear dependence of
wtang - -4.0 x 10-2 cm-1/K + 1607cm- 1 (5.1)
for the most intense component of the tangential G-band, and so for Wtang=-15 8 3 cm - ',
the sample temperature is only 600 K.
5.3 Stokes vs. anti-Stokes Asymmetry
Striking differences between the Stokes and anti-Stokes spectra of sample S2 (dt =
1.49±0.2nm), from 1200-2800cm - ', for two different laser excitation energies Elr
(1.58eV and 1.96eV) are seen in Fig. 5-2, including the first-order tangential G-
band (1500-1600cm-') and tile D-band (1280-1330cm-'), and also second-order
features (combination bands at -1740 cm-' and 1860-1925 cm -' and the G'-band at
2540- 2620cm - 1, an overtone of the D-band). The asymmetries observed between
the D-band and the second-order features (combination bands and G'-band) will be
discussed in greater detail in Chapter 6. However, the differences in behavior between
the Stokes and anti-Stokes tangential G-band spectra for the SWNTs will be discussed
in this chapter.
The differences in lineshape between the tangential band for the Stokes and anti-
Stokes spectra are shown more clearly in Fig. 5-3, at. four different E,,,r values between
1.49eV and 2.19eV. Here we see that the behavior of the Stokes and anti-Stokes
spectra for the tangential band each change as a function of Eler and also change
relative to one another. The different characteristic lineshapes for the tangential band
discussed below allow us to easily distinguish between metallic and semiconducting
nanotubes. At E,,er= 2 .19 eV, the Stokes and anti-Stokes spectra are almost the
same and both are typical of resonant Raman spectra for semiconducting nanotubes
(strongest feature at 1591 cm-), while at Easer=1.92 eV, the Stokes and anti-Stokes
spectra are very different from each other, the Stokes spectrum showing domination by
metallic nanotubes (strongest feature at 1.540cm-l), and the anti-Stokes spectrum
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Figure 5-2: Stokes and anti-Stokes Raman spectra for sample S2 (dt=1.49±0.2 nm)
at Easer = 1.58eV (782nm) and 1.96eV (632.8nm).
showing domination by semiconducting nanotubes. At El,,er=1.58 eV both the Stokes
and anti-Stokes spectra are characteristic of metallic nanotubes, while at E,,,er=1. 4 9
eV, the anti-Stokes spectrum is dominated by metallic nanotubes and the Stokes
spectrum is typical of semiconducting nanotubes.
5.3.1 Discussion
The unusual Stokes/anti-Stokes asymmetry behavior observed in Fig. 5-3 can be read-
ily explained in terms of the Raman scattering intensity of metallic nanotubes, after
some modification to Eq. 4.1:
,. A d2/4 }
= ]Aexp { )2
x[(EM()dt- Elaser ± Eph)2 + r2/4]-1 (5.2)
[(EM (dt.)- E.ser) 2 + r2/4]- '
in which IM IM(Elaser, do)) is the scattering intensity for the Stokes process (+ sign)
and for the anti-Stokes process (- sign) for metallic nanotubes in resonance with
the EM(dt) electronic transition between the highest lying valence band van Hove
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Figure 5-3: Stokes and anti-Stokes Raman spectra for SWNTs of do = 1.49 nm taken
at four different values of Elaer, which show only modest variations in lineshape.
singularity and the lowest lying conduction band singularity in their 1D electronic
density of states [26, 89]. The sum in Eq. (5.2) is over all metallic nanotubes having a
diameter distribution given by dt = do±Ad where do is the average diameter and Ad is
the FWHM width of a Gaussian distribution of nanotube diameters. Also Epl, denotes
the phonon frequency for the tangential band (0.20 eV), Fe is a damping parameter
determined by fitting experimental data to Eq. (5.2) and A is a dimensionless factor
proportional to the Boltzmann factor exp(-Eph/kT) for the anti-Stokes process and
a constant for the Stokes process [11, 89].
A plot of IM(Elaser, do) for Stokes spectra, based on a fit of Eq. (5.2) to mea-
surements at many laser energies Elaer is given in the inset to Fig. 5-4 (solid curve)
[11, 89], along with the corresponding predicted IM(E.ser, do) curve for anti-Stokes
spectra (dashed curve) using the same Stokes parameters. The central point denoted
by an arrow gives the center of the metallic window accurately for nanotubes with
diameter do, which occurs at 1.69eV for our nanotube sample (do = 1.49 nm). Using
the formula ENM(dt) = 6ac_co/dt, valid for armchair nanotubes [24], yields a value
of yo = 2.95 eV assuming ac-c = 0.142 nm, in agreement with 'yo = 2.95 eV, obtained
from fits of Stokes spectra to Eq. (5.2) for SWNTs with do = 1.37nm (Section 4.5).
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Figure 5-4: Calculation [52] of the energy separations _AE = Eii(dt) for all (n, m)
values vs nanotube diameter 0.7 < dt < 3.0 nm, here re-plotted using a higher value
of -yo (2.9eV) [24, 99]. Semiconducting and metallic nanotubes are indicated by
crosses and open circles. respectively. Filled squares denote zigzag tubes. The dashed
horizontal lines correspond to Eier=1.49, 1.58, 1.92 and 2.19eV and the vertical lines
denote dt = 1.49 ± 0.2 nm for sample S3. The inset is the calculated I (El,,,, do)
using Eq. (5.2) for the metallic resonance window for Stokes (solid curve) and anti-
Stokes (dashed curve) scattering processes, and the arrow at 1.69 eV is at the center of
the metallic window (see main figure). The cross-hatch pattern denotes the predicted
range of Ell(dt) for metallic nanotubes in the anti-Stokes spectrum.
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Figure 5-5: Lorentzian fits to the Stokes and anti-Stokes tangential bands for El,,,er =
1.49 eV and 1.92 eV.
From Fig. 5-4 [52, 99], we predict that for a do = 1.49 nm sample, the Stokes and
anti-Stokes spectra should both be semiconducting for El,,,er < 1.3eV and Elaer >
2.1 eV, while for 1.51 < Easer < 1.87eV both the Stokes and anti-Stokes spectra
should be dominated by metallic nanotubes, in good agreement with the results of
Fig. 5-3. Metallic behavior for the Stokes spectrum and semiconducting behavior for
the anti-Stokes spectrum is predicted by Fig. 5-4 at Elaser = 1.92 eV, also consistent
with the experimental results of Fig. 5-3, as is also the reverse behavior observed for
the Stokes and anti-Stokes processes at El,,,r = 1.49eV. At each value of El,,er, the
energy of the scattered beam is at Elaer,, - Eph for the Stokes process and at Elaser + Eph
for the anti-Stokes process. Figure 5-4 accounts for the metallic and semiconducting
behavior of all traces in Fig. 5-3.
To compare the Stokes and anti-Stokes spectra for semiconducting and metallic
nanotubes, we show in Fig. 5-5 lineshape analyses for the tangential band at Ela,,,r
= 1.49eV and 1.92eV. The peak frequencies, FWHM linewidths, and relative in-
tensities of the Lorentzian fits, and additionally the iteraction parameter (1/q) for
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the Breit-Wigner-Fano lineshapes, are listed in Table 5.1. For semiconducting tubes,
the Stokes spectrum at Elser = 1.49eV shows four peaks, at 1607cm-, 1595cm - ',
1570cm - and 1550cm-', consistent with prior results (see Chapter 3). At the same
Elaser = 1.49eV, the anti-Stokes (metallic) spectrum shows only two components, a
broad Lorentzian components at 1581cm-' and a Breit-Wigner-Fano lineshape at
1546cm-' (with 1/q=-0.24), none of which are present in the Stokes (semiconduct-
ing) spectrum (see Table 5.1), consistent with Fig. 5-4. It is interesting that features
associated with semiconducting nanotlbes are absent from this spectrum. Thus the
anti-Stokes metallic band at El,,,r = 1.49 eV has a narrower overall linewidth than for
the Stokes metallic band at 1.92eV, which is dominated by the Breit-Wigner-Fano
lineshape at 1547cm - ' (characteristic of metallic tubes, as will be discussed in the
next section), but also shows Lorentzian oscillators identified with semiconducting
nanotubes in resonance with ES3(dt) at the large d end of the nanotube diameter
distribution (see Fig. 5-4). Likewise the anti-Stokes (semiconducting) spectrum at
Easer = 1.92eV has a long tail (which could be accounted for by a Breit--Wigner-
Fano lineshape [52]) at low w (below --1550cm-), indicating a significant contri-
bution from metallic Ef(d,) nanotubes at the low end of the diameter distribution
(Fig. 5-4) which are resonant at El,,,r.
Study of the anti-Stokes spectra (phonon emission) accesses greater contributions
from the lower left quadrant of Fig. 5-4. thereby providing more accurate inforina-
tion about lineshapes for metallic an(l semiconducting tangential bands, becaulse the
E,i(dt) bands in Fig. 5-4 are narrower and more separated in this limit [24, 99]. Since
the Stokes and anti-Stokes spectra in Fig. 5-5 taken at 1.49 eV have a common incident
Elasr value, some explanation is needed for the interpretation of the Stokes spectra
arising fronm contributions of resonant semiconducting nanotubes and the anti-Stokes
spectra arising from contributions of resonant metallic nanotubles. This interpreta-
tion is blased on having the icidlent lhotons non-resonant with either the metallic,
or the semiconlllcting nanotllbes in the SWNT sample (see Fig. 2-10). The special
selection of El,,,r so that the incidesnt photon is essentially non-resonant with any
nanotulbes, t the scattered photon is strongly resonant with metallic nanotubes
102
Table 5.1: Peak frequencies (w) and linewidths (F) (in cm-') of the main components
of Stokes (upper) and anti-Stokes (lower) tangential modes in Fig. 5-3 of semiconduct-
ing (t) and metallic (*) nanotubes (do = 1.49 nm) for selected values of El,,,r.
Stokes
1.49 eV 1.58 eV 1.92 eV 2.19 eV
w F r l/q w F 1/q w r 1/q w r 1/q
- - - 1545* 56 -0.21 1547* 35 -0.15 -
1 5 5 0 t 22 1552t 18 - 1552 t 40 - 1553t 19 -
1570 t 13 1 5 6 5 t 14 - 1 5 6 5 t 14 - 1 5 6 9 t 14 -
- - -1577* 24 - 1581* 22 -- --
1595t 16 - 1 590 t 17 - 1593 t 18 - 15 9 2t 15 -
1607 t 18 - 160 8 t 26 - 1610 t 40 - 16 0 7t 26 -
anti-Stokes
1546* 60 -0.24 1546* 61 -0.19 - - - -
--- - - 1543 t 22 - 1553 t 22 -
- -- - 1560 t 20 - 1565 t 23 -
1581* 38 - 1575* 38 -- -----
- - - --- - 1583 t 16 - 1591 t 18 -
_- -- _ - -- - 1595t 30 - 1606t 30 -
ill the anti-Stokes process and with semiconducting nanotubes for the Stokes pro-
cess provides a useful method for determining the resonant Raman lineshapes for
semiconducting and metallic nanotubes more accurately. The appearance of anti-
Stokes spectra requires population of the first excited phonon state (nl). The ra-
tio nl/no where no is the zero phonon ground state for a phonon of energy Ep,,, is
nl,/no = exp[-Eph/kT], so that the intensity ratio of the Stokes to anti-Stokes signals
is IAS/Is = (w + o)4"/(w - w0)4 x exp[-Eph/kT], which is commonly used to (leter-
mine T, the sample temperature. Here we show that this equation cannot be used
for the tangential band to determine TS in SWNTs when different kinds of nanotubes
(semiconducting vs. metallic) are resonant in the anti-Stokes and Stokes spectra at a
given Elser. The eqluation may, however, be used when both Stokes and anti-Stokes
Raman spectra come from semiconducting nanotubes, and all the components of the
lineshape have the same relative intensity ratios.
Whereas for 2D and 3D sp2 carbon materials, the Stokes and anti-Stokes tangen-
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Figure 5-6: (a) A plot of the energy windows where metallic nanotubes are expected to
be resonantly enhanced in the anti-Stokes (dashed line) and Stokes (solid line) Raman
spectra for the sample of SWNTs with a broad distribution of diameters centered at
do =1.85 nm (S3). (b) Stokes and (c) anti-Stokes Raman spectra, collected using Easer
= 1.49, 1.92, 1.96 and 2.19eV.
tial bands at a given El,,,er value are almost identical, the unusual resonant Raman
process for carbon nanotubes gives rise to differences in the Stokes and anti-Stokes
tangential band spectra when one spectrum is within the window of El,,,r for metallic
nanotubes and the other is not. It should be noted that only samples of with a narrow
distribution of small or medium diameter nanotubes (dt <1.8 nm) would display this
degree of asymmetry, as shown for sample S2 and will be seen for sample S3 in Chap-
ter 7. In Fig. 5-6 (a) is plotted the calculation (using Eq. 5.2) of the energy window
for resonant enhancement of the Raman bands of metallic nanotubes in the Stokes
and anti-Stokes Raman scattering spectral regions for sample S3 (d0o=1.85 nm). If the
diameter distribution of the nanotubes is too broad (as occurs in sample S3), then
metallic carbon nanotubes are expected to be in resonance over a wide range of laser
excitation energies (see Figure 5-6(a)), and the Stokes and anti-Stokes energy win-
dows are seen to overlap over a wide range of values of laser energy. This should be
expected given the center diameter of this sample of SWNTs, since for the laser exci-
tation energies used the Stokes and anti-Stokes spectra would sample the upper right
quadrant of Fig. 5-4, where the allowed transition energies are broad and overlapping.
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Fig. 5-6 (b) and (c) show the Stokes and anti-Stokes Raman spectra collected from
sample S3 (do=1.85 nm), collected using several different values of Elaser. We see that
there is only very modest change in lineshape for the Stokes spectrum (Fig. 5-6 (b))
for the different values of Elaser, and in comparing the Stokes and anti-Stokes spectra
(panels (b) and (c)) for a given Elase there is also very little difference in lineshape or
peak position. The modest changes in lineshape for this sample when metallic nan-
otubes are resonantly enhanced in the Raman spectra will be discussed in section 5.4
in terms of a curvature dependence for the Raman spectra of metallic nanotubes. As
a result of the wide energy window over which the Raman tangential G-band feature
for metallic nanotubes is resonantly enhanced for this sample of SWNTs, we see no
asymmetry and sample S3 exhibits behavior expected of any other sp2 or sp3 carbon.
5.4 Tangential G-band of Metallic Nanotubes
The lineshape of the tangential G-band (1600cm- 1 ) in the Raman spectrum of
seniconducting single-walled carbon nanotubes (SWNT) has been extensively stud-
ied, and is well accounted for using Lorentzian oscillators [88, 95]. Polarization studies
have identified the symmetries of the various components of the lineshape which is
llsed in making lineshape analyses [94]. There is, however, no explanation for the
downshift and broadening of the Raman tangential G-band of metallic SWNTs rel-
ative to semiconducting SWNTs, and there is still some debate as to whether the
Ranlan lineshape for the metallic SWNTs is best described by a Lorentzian or a
Breit--Wigner-Fano (B-W --F) lineshape. The analysis presented here shows that only
two Raman components are needed to fit the tangential G-band for metallic SWVNTs,
with a Lorentzian lineshape for the higher frequency feature and a B-W---F line for
the lower frequency feature, and with both components exhibiting predominantly A
(Alg) symmetry. The differences in their peak frequencies are attributed to: (1) a dif-
ference in force constant for vibrations along the tube axis (higher frequency feature)
versus circumferentially (lower frequency feature), and (2) an additional downshift-
ing and broadening of the lower frequency component due to coupling of the discrete
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Figure 5-7: Raman spectra in the spectral range from 900 cm-' to 2000 cm-' showing
the spectra obtained from sample S2 (dt = 1.49±0.2nm) using two different laser
excitation energies, 2.41 eV (lower curve) and 1.58 eV (upper curve).
phonon line to a surface-plasmon-based electronic continuum (resulting in the B-W-
F lineshape). This coupling does not occur for vibrations along the tube axis. The
Breit-Wigner-Fano coupling mechanism will be discussed in more detail in section
7.3.
5.4.1 Breit-Wigner-Fano Lineshape Analysis
The asymmetric Breit-Wigner-Fano (interaction) lineshape described in Chapter 3,
I(v) = Io[1 + 2(v - v)l/qr] 2]/[1 + [2(v - V,)/r]2 ] (5.3)
(where 1/q is a measure of the interaction of the phonon with a continuum of states),
has previously been used to fit some of the Raman bands of various sp2 carbons,
such as the 1540 cm-' feature of metallic SWNTs [5, 51], the tangential G-band
feature of alkali-metal doped SWNTs [93], the feature near 1600cm-1 of carbon
aerogels [96], and alkali-metal graphite intercalation compounds [34], as well as the
-270cm - ' feature [126] of metallic K3 C60. In contrast, the Raman bands of the
semiconducting forms (undoped C60, K6C60 [126], and semiconducting SWNTs) ex-
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Figure 5-8: Stokes and anti-Stokes Raman spectra for SWNTs of dt = 1.49±0.2nm
taken at two values of Elaser. Fitting parameters are listed in Tables 5.2.
hibit only Lorentzian lineshapes. Figure 5-7 shows the Stokes Raman signal (from
900cm - ' to 2000cm - ') from sample S2 (dt=1.49±0.20nm), for laser excitation ener-
gies Elaser = 1.58 and 2.41 eV. The lower frequency tail of the broad tangential G-band
obtained using Elaser = 1.58 eV comes from metallic SWNTs and exhibits a slow decay
back to the spectral baseline (suggesting the use of an asymmetric B-W-F lineshape
analysis), in contrast to the flat baseline from Elmr = 2.41 eV for which the spectrum
is associated with semiconducting SWNTs. In this section, I focus on the lineshape
analysis of the tangential G-band feature in both the Stokes and anti-Stokes reso-
nant Raman spectra for metallic SWNTs of different diameter distributions, where
the important role of the curvature of the SWNT in the coupling process will be
described.
Comparison fits to the tangential G-band features (obtained using Elier = 1.58 eV
and 2.19eV) were made to both the Stokes and anti-Stokes spectra of sample S2
(dt=1.49+0.2nm), and these fits are shown in Fig. 5-8, using the fitting parameters
listed in Table 5.2. Both the Stokes and anti-Stokes Raman spectra obtained for
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Table 5.2: Detailed lineshape analysis of the Stokes and anti-Stokes spectra from
SWNTs with dt=1.49+0.2nm. shown in fig. 5-8. The frequencies (w) and FWHM
(r) are shown for the Lorentzian curves, while additionally the (1/q) value is given
for the B-W-F curves. The symbols (*) and (t) refer to components associated with
metallic and semiconducting SWNTs, respectively.
w(cm-') F (cm- l ) 1/q w(cm-') r (cm-') 1/q
1.58 eV (Stokes) 2.19 eV (Stokes)
1545* 56 -0.23 - -
1552t 18 - 1553t 19
1565f' 14 - 1569 t 14
1577* 24 - -
1590t 17 - 1592t 15 --
1608t 26 - 1607t 26
1.58 eV (anti-Stokes) 2.19 eV (anti-Stokes)
1546* 61 -0.21 -- - -
_- - 1553t 22
- -- 1565t 23
1575* 38 - - -
1591t 18
-- __ 1606t 30 --
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Elaser =2.19eV (where only semiconducting nanotubes are resonant in sample S2)
show lineshapes that are best fit by four Lorentzian oscillators [94] located at -1607,
1592, 1569 and 1553 cm-', based on the polarization studies of the lineshape (see Sec-
tion 4.5) [94], with the anti-Stokes spectra requiring the same Lorentzian oscillator
frequencies but larger FWHM (F) values. A fit of these spectral features to a B-W-F
lineshape yielded only very small values of 1/q (between -0.04 and -0.07), indicat-
ing that the same set of Lorentzian oscillators (with similar relative intensities) are
sufficient to fit both the Stokes and anti-Stokes spectra for semiconducting SWNTs.
In contrast, the anti-Stokes Raman spectrum from E,,,e = 1.58eV, which contains
resonant contributions from only metallic SWNTs[10], is best fit using a B-W-F line-
shape for the 1546 cm-' feature (1/q =-0.21) and a Lorentzian line for the 1575 cm-'
feature. The Stokes spectrum from Elaser = 1.58 eV, requires contributions from both
metallic and semiconducting SWNTs[10] to fit the entire tangential G-band (see Ta-
ble 5.2 and Fig. 5-8). Fits to the tangential G-band for other values of El,,aer, where
metallic SWNTs are resonantly enhanced, gave similar results, with negative values
of the interaction parameter (0.14<1 1/q 1<0.26) for the lower frequency feature (1543
-1546 cm-').
These data indicate that we need only two components to fit the metallic Raman
band (1545cm- l and 1577cm-i), while Group Theory predicts that there are two
modes each of A (A,g), El (El,) and E2 (E2g) symmetry in the tangential G-band
region of SWNTs [102]. The three different symmetries have distinctly different po-
larization behaviors. If we consider the light to be propagating along the y direction
and the nanotube to be oriented along the i direction, then A (Al.) modes will ap-
pear only in parallel polarizations [(ZZ) and (XX)], while the El (El9 ) modes will
appear only in cross-polarized measurements [(XZ) and (ZX)]. The E 2 (E29) modes
will also appear in parallel polarizations but only for (XX). The delpolarization effect
[3] is expected to be strong for metallic SWNTs. This effect occurs for external fields
polarized perpendicular to the nanotube axis (), where an electric field is induced
bly the polarization of the nanotubes, resulting in an induced charge density localized
on the cylindrical surface, and reduction of the optical absorption perpendicular to
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Figure 5-9: Detailed lineshape analysis of the tangential G-band feature in the Stokes
spectra from samples of nanotubes with a broad distribution of diameters centered
at do=1.85 nm, collected using Elaser = 1.58 eV and 1.92 eV. The inset shows how the
tangential-G-band feature of this sample of SWNTs changes with Elaser
the tube. The preferential absorption of light polarized parallel to the tube axis (by a
factor of about 20 compared to perpendicular polarizations) would favor the A (Alg)
and El (Elg) modes in the Raman spectra, due to their polarization dependence.
Totally symmetric modes are most affected by an RRS process (through a Franck-
Condon mechanism) and so the two metallic components are most likely of A (Alg)
symmetry. The strong curvature of SWNTs results in differing force constants along
the nanotube axis (larger) versus circumferentially (smaller), thus accounting for dif-
ferent mode frequencies for A (A19) mode displacements along different tangential
directions on the carbon nanotube surface. This difference in A (Alg) mode frequen-
cies also occurs for semiconducting SWNTs [94], but there the frequency difference is
smaller. The additional downshift of the lower frequency A (Alg) mode for metallic
SWNTs comes from the coupling mechanism responsible for the B-W-F lineshape.
With this greater downshift and coupling should come broadening (greater FWHM).
To test the effect of curvature on the B-W-F lineshape, I also analyzed the tangen-
tial G-band spectra for samples of SWNTs with diameters larger (do-1.85 nm) and
smaller (d0o=1.35 nm) than those of sample S2.
The Stokes tangential G-band of sample S3 (do=1.85 nm) exhibits a lineshape
basically typical of semiconducting SWNTs for Eaer = 2.54eV (see Fig. 5-9). With
110
1.96 eV Stok(b)592
I,,
*,· .,, ._141__ ~ \.~_L c~~ _~L__..
1400 1500 1600 1700 1400 1500 1600 1700
Raman shift (cml) Raman shift (cm 1)
Figure 5-10: Detailed lineshape analysis of the tangential G-band feature from nan-
otube sample S1 (dt = 1.35+nm), collected using Elaser = 1.49eV in the anti-Stokes
window (exhibiting only G-band components from metallic nanotubes) and Elaser =
1.92 eV in the Stokes window (showing components from both metallic and semicon-
ducting SWNTs).
decreasing Elaer, a small B-W-F peak at 1557cm -1 develops, with 1/q increasing
from -0.14 to -0.28 (FWHM 40cm-1), as El,,er decreases from 2.54 eV to 1.96 eV.
At the same time a Lorentzian peak is found at 1580 cm -1 (FWHM -24 cm-1 ) and
this feature persists down to Elaser = 1.58 eV with approximately the same frequency
and linewidth. The (1/q) value and FWHM linewidth (F) vary a lot for this sample
of SWNTs for different values of Elaser. This is consistent with the large diameter
distribution of this sample, where many different diameter metallic nanotubes can
contribute to the lower frequency B-W-F feature when they are resonantly enhanced.
Figure 5-10 shows example fits to the tangential G-band feature for (a) the anti-
Stokes spectrum using Elaser = 1.49 eV and (b) the Stokes spectrum using Elaser = 1.96 eV
for sample S1 (d0=1.35nm). For both the Stokes and anti-Stokes tangential G-
band features of sample S1, the Raman peaks from the metallic SWNTs are lo-
cated at 1580 cm - l (Lorentzian with FWHM ~ 23 cm-), while the lower frequency
B-W-F component ranges from 1539-1543cm-1 (0.18< 1/q 1<0.27) and is broader
(FWHM - 60-84 cm-1) and slightly downshifted relative to sample S2. On average,
the absolute values of the interaction parameter obtained from the fits to this sample
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Figure 5-11: The FWHM linewidth (r) of the Breit-Wigner-Fano peak plotted vs.
the Raman peak frequency for the three samples in this study. The squares data
points are values taken from Ref. [51].
(S1) are larger (11/ql = 0.24) than those from sample S2 (ll/ql =0.20) which contains
the larger diameter nanotubes.
Kataura et al. [51] showed spectra from SWNTs with a diameter distribution of
0.68 nm < dt < 1.0 nm, and the lower (B-W-F) component for their sample was lo-
cated at 1530cm -' (FWHM- 90cm - 1 and 1/q=-0.25). Collecting all these data,
the FWHM linewidth (F) vs. the Raman peak frequency are plotted in Fig. 5-11,
where we see that as the lower frequency B-W-F peak shifts to lower frequency (as
the tube diameter dt decreases), the feature broadens. In section 3.4, we showed
that the FWHM linewidth (r) of the Breit-Wigner-Fano (B-W-F) lineshape is pro-
portional to the square of the matrix element coupling the discrete phonon line to
the continuum, and so a broader B-W-F lineshape would indicate increased cou-
pling. The interaction parameter (1/q), which is proportional to the coupling matrix
element, is also larger on average for the B-W-F peak from the smaller dia:meter nan-
otubes. Both of these results are consistent with a curvature-induced downshifting of
the lower frequency A (Alg) modes, that is accompanied by a broadening due to the
coupling responsible for the B--W-F process.
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5.5 Conclusions
By introducing the B-W-F lineshape, we have reduced the number of components
needed to fit the tangential G-band for metallic nanotubes (now only two versus
the six that were used by Pimenta et al. [89]) and we gained physical insight into
the nature of the electron-phonon coupling of the metallic nanotubes, since (1/q) is
a measure of the degree of coupling of the discrete phonon line to a continuum of
states, and in the limit that (1/q) goes to zero, the B-W-F lineshape returns to a
Lorentzian lineshape.
Our resonant Raman results indicate that the resonance process (electron-phonon
coupling) occurs more strongly for metallic nanotubes than for semiconducting nan-
otubes due to their higher carrier density, as evidenced by the need for the B-W-F
(interaction) lineshape to account for one of the components of the band, while only
Lorentzian oscillators are necessary to describe the narrow smiconducting lineshape.
The B-W-F component shifts to larger frequencies and narrow: for larger diameter
nanotubes, because the finite density of states at the Fermi level is smaller for larger
diameter nanotubes, and so there are fewer carriers to participate in the coupling.
Totally symmetric modes couple most effectively to electronic excitations through
a Franck-Condon mechanism, and are most affected by a resonance Raman experi-
ment, and thus the behavior of the lower frequency metallic G-band (1540cm -1)
feature is consistent with predominantly A (Alg) symmetry. On the basis of these
data, we are unable to identify the nature of the continuum that produces the Breit-
Wigner-Fano lineshape. However, this question will be re-examined in connection
with the results of the Surface-enhanced Raman spectroscopy (SERS) experiments,
to be discussed in Chapter 7, which provide important insights into the B--W-F coll-
pling mechanism. In the ncxt Chapter we will report results for resonant Raman
spectroscopy involving the second-order spectrum, which shows unusual resonant be-
havior due to the 1D nature of the electronic density of states of the carbon nan-
otubes, and also gives evidence for greater electron-phonon coupling of the metallic
nanotubes.
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Chapter 6
Second Order Raman spectra
6.1 Introduction
The second-order Raman spectra of single-wall carbon nanotubes are unique rel-
ative to other crystalline systems in exhibiting features associated with resonant
enhancement phenomena arising from the unique one-dimensional (D) density of
electronic states for carbon nanotubes. These second-order spectra are therefore se-
lective of specific carbon nanotubes, just as occurs for the first-order spectra (Chapter
4) [27, 89, 95]. In this chapter I focus on the unique behavior of overtones and combi-
nation modes in the second-order Stokes Raman spectra associated with the dominant
features in the first-order spectra, which exhibit strong resonant coupling to the 1D
density of electronic states. I also discuss other features in the second-order Stokes
Raman spectra, such as the D-band and the G'-band features, not associated with the
ID resonant Raman scattering process. I will then discuss the asymmetry which also
occurs for the combination modes and the D- and G'-bands between the second-order
Stokes and anti-Stokes Raman spectra of the carbon nanotubes.
Since the energy separations Eii(dt) in Figs. 2-9 and 2-10 are strongly dependent
on the diameter dt of the nanotubes, a change in the energy of the incident laser beam
Elaser results in the resonant Ramnan excitation of different nanotubes. Furthermore
hWphonon can be as large as 0.4 eV for second-order scattering processes for the tan-
gential modes. Therefore, the specific nanotubes in a given sample that are excited
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in the first-order Raman scattering process are very likely to be different from the
nanotubes that participate in the second-order scattering process. I also demonstrate
the importance of the scattered photon in the second-order Raman spectra. Since
the scattered photon propagates in all directions, it is expected to couple resonantly
to more of the randomly-oriented carbon nanotubes than the incident photon, which
couples most strongly to nanotubes whose axes are aligned along the optical electric
field of the incident beam. Thus the probability of an optical resonance with the
scattered beam is expected to be higher than for the incident beam.
6.2 Experimental Details
This study focuses on the second-order Raman spectra of sample S2 (1.49 ± 0.20 nm).
Raman spectroscopy experiments were performed under ambient conditions in a
backscattering configuration using several laser excitation lines. These lines include
the argon lines at 457.9nm (2.71eV), 488nm (2.54eV) and 514.5nm (2.41eV); the
krypton lines at 568.2nm (2.19eV), 647.1nm (1.92eV) and 676.4nm (1.83eV); the
He-Ne line at 632.8nm (1.96eV); and a diode laser at 785 nm (1.58eV). The spectral
resolution of the different Raman systems for phonons was better than 2 cm-'. A
Ti:sapphire laser at 830 nm (1.49 eV) was also used, where the spectral resolution for
this system was 8 cm-1.
6.3 Second-order Raman spectra
Figure 6-1 shows the first-order and second-order features in the Raman spectra for
the single-wall carbon nanotubes over a broad range of phonon frequencies for three
laser excitation energies El,,er. The two dominant features in the first-order Ra-
man spectra for single-wall carbon nanotulbes (see Fig. 6-1) are the radial breathing
modes (located in the 150-200cm - l range) and the tangential modes (located in the
1530-1610cm -1 range). Both of these features in the first-order Raman spectra are
resonantly enhanced when the laser excitation energy (El,,er) is equal to the energy
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Figure 6-1: First and second-order Raman spectra for carbon nanotubes with dt =
1.49 i 0.20 mn over the broad phonon frequency range 100-3700cm-' for El,,,er 
1.58, 1.96, 2.19, and 2.41 eV. The radial breathing mode feature for Elas,, = 2.19 and
2.41 eV has been magnified.
separation between a singularity in the 1D electron density of states in the valence
and conduction bands, such as the E,; energy separations (between the ith conduction
band singularity and the ith valence band singularity), Ei = Ell, E22,..., shown in
Figs. 2-9 and 4-6. Resonant enhancement occurs not only for the incident photon but
also for the scattered photon, so that the conditions for resonant Raman scattering
include El,,r = Eii and Elaser = Eii + hphonon for the Stokes process. The window for
resonance Raman scattering for the incident and scattered light is shown in Fig. 4-6
for the dt = 1.49 ± 0.20 nm diameter nanotube sample (S2). Since the relative inten-
sities of the various features in Fig. 6-1 are dependent on the laser excitation energy,
resonant Raman effects are as important in the analysis of the second-order spectra,
as they are for interpreting the first-order spectra. I discuss below the various fea-
tures in the second-order spectrum associated with the harmonics (overtones) and
combination modes of the two dominant features of the first-order spectrum.
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Figure 6-2: The Raman spectra for the radial breathing mode band and its second-
harmonic at two laser excitation energies 1.58 eV (785 nm) and 2.54eV (488 nm).
6.3.1 Overtones
In Fig. 6-2, we see spectral features identified with the second harmonic (overtone)
of the radial breathing mode 2 WRBM at two different laser excitation energies. For
example, at Ela,,,er = 1.58eV (785nm), the first-order spectrum gives resonantly en-
hanced radial breathing modes at 150 cm - l and 162 cm - , with linewidths (FWHM) of
14 cm-' and 11 cm - l, respectively, to be compared with the second-order lines which
occur at 301 cm-' and 330cm - l and have relatively narrow linewidths (21cm-'). A
change in Elaer excites different nanotubes, so that for Elaser = 2.54 eV (488 nm), the
first-order Raman spectrum shows a radial breathing mode at 159 cm - ' and a small
shoulder at 176cm -1 . The second harmonic of this first-order band shows a weak
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Table 6.1: Summary of the peak frequencies and linewidths (in cm-l) of the
Lorentzian components for the radial breathing modes (WRBM) and their overtones
(2WRBM) for the indicated E,,er values (see Fig. 6-2).
WRBM
Elaser 1.58 eV 2.19 eV 2.41 eV 2.54 eV
Line w r w r w r w r
#1 - - - - 142 10 - -
#2 150 14 --- 155 10 - -
#3 162 11 158 10 - - 159 11
#4 - - 171 10 170 10 - -
#5 - - - - 178 10 176 9
#6 - - - - 188 10 - -
2WRBM
#1 301 20 - - - - - -
#2 - - 311 30 - --
#3 - - - 320 15
#4 330 20 - - -- - -
second-order feature at 320cm -1 (see Fig. 6-2). Similar trends are observed at other
values of El,,,er, and a summary of our observations of the overtones of the radial
breathing mode is given in Table6.1.
The energy of the radial breathing mode feature is about 0.02eV, on the order
of the width of the van Hove singularities (Fe =0.04±0.02eV from section 4.5) in
the electronic density of states. From Figs. 5-4 we see that, for Elaer = 1.58 eV, the
incident photon is in resonance with metallic carbon nanotubes, while for E,iaer =
2.41 eV, the incident photon is in resonance with semiconducting nanotubes. From
section 3.3.3 we see that, for the A-term resonant Raman scattering process from
totally symmetric modes, greater amount of electron-phonon coupling would result
in higher intensity of the overtones. The overtone of the radial breathing mode,
which in Chapter 2 was shown to possess A Alg) symmetry, is very well resolved for
Elaser values where contributions from metallic nanotubes dominate the spectra for
the tangential band (see Figs. 6-1 and 6-3).
In contrast, the second harmonic of the tangential G-band 2wtang which occurs
in the range 3100-3250cm-' (see Fig. 6-4) has very different characteristics from the
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Figure 6-3: First-order Raman spectra for the tangential mode (1500-1650cm - 1)
taken for nine laser excitation energies. At lower frequencies (1300-1350cm -1) the
D-band feature is observed, and at higher frequencies near 1740 cm-l a combination
mode is seen for some values of Elaser, both of which have higher intensities relative to
the tangential G-band when the Raman bands from metallic nanotubes are resonantly
enhanced.
second harmonic of the radial breathing mode 2WRBM shown in Fig. 6-2. We see in
Fig. 6-4 the evolution with Easer of the second harmonic of the tangential band for five
laser energies in the range 1.96-2.71 eV. The central frequency and linewidth of this
second-order band is relatively weakly dependent on El,,er for 2.19 < Easer < 2.71 eV,
where the semiconducting nanotubes dominate the first-order spectra for this sample.
However, for Elaser = 1.96eV, where the dominant contribution to the first-order
spectrum in Fig. 6-3 comes from metallic nanotubes, the second-order spectrum is
downshifted and much broader than for the higher Elaser values, consistent with the
behavior of the first-order tangential band shown in Fig. 6-3. It is interesting to note
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Figure 6-4: Raman spectra for the second harmonic of the tangential mode, collected
at five laser excitation energies. The corresponding first-order spectra are displayed
in Fig. 6-3.
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Table 6.2: A summary of the peak frequencies and linewidths (in cm - 1') of the main
components of the tangential modes (wtang) (see Fig. 6-3) and their overtones (2Wtang)
(see Fig. 6-4) of the single-wall carbon nanotubes, for selected values of Elaer. The
symbols (*) and (t) refer to Raman bands attributed to metallic and semiconducting
nanotubes, respectively, in the first-order spectrum.
Wtang
Elaser 1.96 eV 2.19 eV 2.41 eV 2.71 eV
Line rF 1/q w rF r w r
#1 1542* 65 -0.15 - - -
#2 1552t 18 - 15 5 3t 19 15 54 t 18 1 55 2t 22
#3 1565t 14 - 1569t 14 15 68 t 14 1568t 14
#4 1581* 22 - -- 
#5 1592t 16 - 1592t 15 1594t 13 159 3 t 14
#6 1610t 40 - 1 60 7 t 26 160 6 t 26 1608t 26
2Wtang
#1 3083 71 - -
#2 3123 55 - 3119 55
#3 3153 42 - 3150 49 3141 32 3153 31
#4 3178 35 - 3172 45 3166 47 3180 38
#5 3203 31 - 3201 38 3195 54 3215 46
that D-band feature located at 1300-1350 cm-' and the small feature near 1750 cm-l
have higher intensities relative to the tangential G-band when the broad Raman bands
attributed to metallic nanotubes are resonantly enhanced.
The feature in the second-order Raman spectrum for graphite near 3240 cm- ' is
strongly affected by the mode frequency dispersion of the phonon dispersion curves
[31, 35]. This mode frequency dispersion in graphite gives rise to a peak in the
phonon density of states near 1620cm-1 , associated with non-zone center phonons.
This peak in the phonon density of states is responsible for the feature in the second-
order spectrum of graphite near 3240cm- 1. This frequency is upshifted by 76cm - '
from twice the zone-center phonon mode in graphite at 1582cm -1. Since there is
no corresponding peak in the density of states away from the Brillonin zone center
in carbon nanotubes, we expect the mode frequency of the second-order tangential
band to be close to twice that for the first-order tangential band, consistent with
experiment.
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Figure 6-5: A line shape analysis of the spectral features in the first-order spectra
(left) and in the second-order spectra (right) for the tangential bands taken for Eiaser
1.96eV (632.8nm) and 2.71eV (457.9nm).
Even though the tangential band for carbon nanotubes contains modes with dif-
ferent symmetry types, the second harmonic of any irreducible representation always
contains the completely symmetric irreducible representation Ag in the direct product
of ri X ri. Thus second harmonics of modes that are not Raman-active in the first-
order spectrum could become Raman-active in the second-order spectrum through
this direct product argument. However, the intensity of such new modes in the
second-order spectra is expected to be low. Our resolution was not good enough to
see this effect, largely because of the large linewidths of second-order features.
A Lorentzian lineshape analysis of the second-order spectrum associated with
the second harmonic of the tangential band has been carried out for the spectra
shown in Fig. 6-4, and the results are presented in Table 6.2. Two examples of
this lineshape analysis are shown in Fig. 6-5. Here we present the lineshape anal-
ysis for the first-order and second-order features taken for El,,er at 2.71 eV where
the semiconducting nanotubes mainly contribute, and at 1.96eV where the metallic
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nanotubes mainly contribute [89]. The dominant feature in the 2.71 eV second-order
spectrum at 3181 cm-' is close to twice the frequency of the dominant mode in the
first-order spectrum 2(1592) = 3184 cm-l, and the second-order feature is only slightly
broader than twice the FWHM linewidth of the first-order feature. The frequencies
of the two weaker features in the second-order spectrum at 2.71 eV correspond ap-
proximately to twice the frequencies of the first-order features: 3153 cm - ' = 2(1568)
and 3215 cm - l = 2(1608), although the feature at 3153 cm-' could also be accounted
for by the combination 3153 cm-' = (1592+1568). It is interesting to note that the
3215 cm-l component [2(1608) = 3216 cm-'] is the double of the first-order tangential
G-band feature (shown to possess E2 (E29 ) symmetry), which comes from high chiral
angle semiconducting nanotubes which show the least amount of trigonal warping
(see Figs. 2-9 and 2-11), and should thus have higher optical absorption between the
sharp van Hove singularities in the electronic density of states than their low chiral
angle counterparts. As Els,,,er decreases from 2.71 eV, the peak frequency of the entire
second-order band (see Fig. 6-4) downshifts. especially for the lowest value of Elaer,
because new tangential peaks associated with metallic nanotubes are resonantly en-
hanced. For example, the second-order peaks in the 2.19eV and 2.41eV spectra are
at 3171cm-' and 3166 cm-' (see Table 6.2), both downshifted relative to 2 x 1592 =
3184 cm- 1. The second-order spectrum at El,,se = 1.96 eV in Fig. 6-4 shows a broad,
asymmetric band with more scattering intensity at low phonon frequencies. Analysis
of the lineshape of this Ramrnan band in Fig. 6-5 shows a feature at 3082 cm- , which is
close to 2 x 1540 cm - l', thereby providing support for the interpretation that metallic
nanotubes are contributing to this second-order Raman band at Elaer 1.96 eV.
Shown in Fig. 6-6 is an increase in linewidth, measured as the full width at half
maximum intensity, of the entire second-order band with decreasing El,,,er. In this
figure, the increase in linewidth for the entire secondl-order band is compared with
that for the first-order band as a function of El,,,. The large linewidth below -2.0 eV
in the first-order spectra in Fig. 6-6(a) is associated with the large contribution to the
spectral intensity from metallic nanotubes (see Fig. 6-3) [89]. We note in Fig. 6-6(b)
that the onset of the broadening of the second-order features extends to much higher
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Figure 6-6: Linewidth (FWHM) as a function of E,,,er (a) for the entire first-order
tangential G-band and (b) for the corresponding entire second harmonic of the tan-
gential G-band.
values of Elmr, so that at El,,er = 2.2 eV (where the scattered photons are still within
the metallic window for the second-order spectrum) the linewidth is -17 cm-1 broader
than at Elaer = 2.71 eV.
The resonant enhancement in the phonon modes for metallic nanotubes occurs
when the energy of either the incident or the scattered photon is in resonance with
the first electronic transition Em for the metallic nanotubes in the sample (see Figs. 2-
9, 2-10 and 6-3). When El,,er = 1.92 eV and 1.96 eV, both the incident and scattered
photons are in the resonance window for metallic nanotubes, so that the overtone band
is expected to broaden considerably, and this is observed experimentally in Fig. 6-6(b).
For 2.19eV < El,,r < 2.41 eV, even though the incident photon is higher than the
resonance energy window Elaser for metallic nanotubes in the first-order spectrum
(see Fig. 6-3), the energy of the scattered photon falls within the interval of resonant
enhancement for metallic nanotubes, because the phonon frequency of 3200 cm - ' in
the Stokes process corresponds to a large energy upshift ( 0.4 eV). This is evident by
a broadening (Fig. 6-6(b)) and a downshift of the 3200 cm-' band for E,,,er = 2.19 eV
and 2.41 eV (see Fig. 6-4 and Table 6.2). Because of the large value for hwphonon, the
specific nanotubes contributing to the first-order spectrum may be different from the
nanotubes contributing to the second-order spectra at Elaser = 2.19 eV and 2.41 eV.
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6.3.2 Combination Modes
Resonant Raman effects associated with the 1D electron density of states singularities
also give rise to resonant effects in the combination modes. One clear example of a
combination mode occurs at the sum frequency between a tangential and a radial
breathing mode Wtang + WRBM, as shown in the spectra in Fig. 6-7 taken at Elaser =
1.58eV, 1.96 eV, 2.14 eV and 2.71eV. Since the radial breathing mode WRBM spectra
at El,,aser = 1.58eV consist of two lines at 150cm - ' and 162 cm - ' (see Fig. 6-2), then
using the most intense line at 1591 cm-' for the tangential band Wtang yields a sum of
1741cm - 1 and 1753cm -1 , in good agreement with the dominant peak at 1742cm - 1
and in fair agreement with the weak feature at 1761 cm - , obtained from a lineshape
analysis of the combination mode feature shown in Fig. 6-7.
In Table6.3 the mode frequencies and linewidths of the combination modes for
the 1740cm - ' band associated with the combin ' -;n mode Wtang + WRBM are listed.
The relative intensities of this combination mode at various values of El,,ser are dis-
played in Fig. 6-3 where it is seen that this feature is most prominent near 1.8eV
where the metallic tube contribution is dominant for single wall nanotubes for which
dt 1.49 nm. Since the tangential mode frequency Wtang is expected to be almost in-
dependent of E,,aer, while the radial breathing mode frequency varies as WRBM OC 1/dt.
the shifts in the peaks of the 1740cm-' band for various Elaser lines are expected to
reflect the variation in wRBM as E,,ser is varied, since different nanotubes are reso-
nantly excited at each value of Elaser. Since 0phono n .2eV for this combination
mode, it is also possible that, at a given value of Elaser, different nanotubes within
the sample are resonantly enhanced in the first-order spectrum as compared with the
second-order spectrum.
The spectra in Fig. 6-7 show that the feature, which we tentatively assign to
the combination mode Wtarig + RBM, has a similar peak position and linewidth for
El,,er = 1.58eV and 1.96eV in the metallic regime. We note that the linewidth of
this mode increases with increasing El,,er above 2.4eV. The broad line observed for
El,,,er = 2.41 eV could in part be attributed to the excitation of many nanotubes for
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Figure 6-7: Spectral features tentatively associated with combination bands for
Wtang + WRBM and Wtang + 2 WRBM in the second-order Raman spectra of carbon nan-
otubes at Elaser = 1.58eV (785nm), 1.96eV (632.8nm), 2.41eV (514.5nm) and
2.71 eV (457.9 nm).
Table 6.3: Summary of the peak frequencies and linewidths (in cm-') of the
Lorentzian components for the combination modes tentatively identified with Wtang +
WRBM and Wtang + 2 WRBM for the combination bands in the range 1700-2000 cm-' near
1900cm- 1 in Fig. 6-8 for five values of El,,,r.
Wtang + WRBM
Elaser 1.58 eV 1.96 eV 2.41 eV 2.54 eV 2.71 eV
Line w F w I w r w F w r
#1 1737 32 1740 31 1733 30 1722 46 1710 39
#2 1762 50 1761 57 1756 34 1753 45 1750 37
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Wtang + 2 wJRBM
#1 1871 31 1925 47 1990 52 2000 60 2011 62
this value of Ealsr, as suggested by the radial breathing mode spectrum at 2.41 eV (see
Table 6.1). However, the Raman spectra taken at 2.54eV (not shown) and at 2.71 eV
(see Fig. 6-7) show further broadening of this combination mode, a decrease in mode
intensity, and the development of a doublet structure. For Elaser = 2.54 eV, there are
relatively few radial breathing mode peaks in the first-order spectrum. The analysis
in Table6.3 shows that the frequency of the two components of the Wtang + WRBM
feature both downshift as Elaser increases, though the downshift is larger for the lower
frequency component than it is for the upper frequency component. At this time, we
have no good explanation for the mode splitting or for the downshifts in the mode
frequencies of the Wtang + JRBM feature for El,,er > 2.41 eV. It should, however, be
noted that a combination of WRBM=160cm-1 anti WLang 1590(cnr'- would accolnt for
this feature. Kasuya et al. [8] have surmised that this 1740- feature coulll Ie due(l to
phorlon-plasnmon coupling since it is so pronounced for laser excitation energies in the
metallic resonance window (see Fig. 6-3). We find that our present set, of exlperimlental
results cannot settle this deblate, and this issue should be addressed in the filtire.
In Fig. 6-7 we see another feature at higher frequencies which we tentatively ;assign
to a second combination band, this one associated with Wtang + 2 wR1 1 . As shown in
Fig. 6-7, this feature has a curious dependence on Ewr. While the ('onlbination
band is located near 1870(mn- l for El,,,.r 1.58eV (785nnli), the feattlre ulpshifts to
-1925cm - ' for 1.83 < El,,,r < 2.19eV, and then upIshifts again to 2000c()()()( for
2.41 < Ea,,sr < 2.71 eV (see Fig. 6-7 and Table6.1). If we asullme Wtang = 1590 (1 - 1
and WRBM = 165cm - ', then we get wtarg + 2 WRBM = 1920cm - I, which accounts for
the frequency of the observed features for 1.83 < Elasr < 2.19eV. Weak features in
the range 1900-1920cm-' can be observed also in the spectra at 2.41 eV and 2.71 eV
(see also Fig. 6-11). If we now assume that mostly metallic nanotlbes dominate the
spectrum for El,,er = 1.58 eV, then wtang = 1540 cm-' becomes a (lominant feature in
the first-order spectrum (see Fig. 6-5), leading to wta,,,g + 2WRBM = 1870 cm-1, which
accounts nicely for the observations at El,, = 1.58 eV. For Elaser > 2.4 eV where the
intensity of this spectral feature becomes low, a new feature in the frequency range
1990-2010cm - l appears, as shown in Fig.6-7. We have no filrther explanation for
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Figure 6-8: The Raman spectra for the intense G' band for five values of El,,,r. The
inset shows a plot of the peak Raman frequency for the G' band features vs laser
excitation energy Ele,.
the dispersive effect which occurs for this feature with increasing El,,,r above 2.41 eV.
6.3.3 2D Resonance Phenomena
The most intense feature in the second-order spectrum (see Fig. 6-1) is the peak
located at -2680 cm-' (twice the frequency of the D-band, as discussed in section 4.6)
and this feature has an especially strong intensity near Elaer = 1.96eV. This feature,
which is closely related to the G' feature in sp 2 carbons, shows a strong upshift in
frequency as Elaer increases (see Fig. 6-8), which is more explicitly demonstrated in
the plot of the peak frequencies vs El,,,r given in the inset to Fig. 6-8. The slope of the
dispersion of G'-band versus Elaqer is 99cm - 1/eV, which is approximately twice the
value of the slope found for the dispersion of the D-band feature (57 cm-l/eV), as
shown in Fig. 4-11. Recent published work has actually set the slope of the G' band
dispersion at a higher value of 106cm-/eV [87], which is closer to 2 x 57cm-1/eV.
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Since both fe.tures arise from a similar process, where the D-band involves only one
phonon about the K-point while the G'-band involves two, then this relationship in
the slope of their dispersions with Els,.r should be expected. The large dispersion
for sp2 carbons is explained by resonance with electronic interband( transitions near
the K-point in the 2D Brillouin zone, but for carbon nanotllbes we have(? only a few
allowed wave-vectors in the circumferential direction of the nanotllube.
The second-order G'-band in the Raman spectra of various sp2 c(arhon materials
is generally much more intense than the disorder-in(lllced D-btanld. This is (hle to the
fact that the second-order G'-band is symvlietry-allowe(l by momentum (cons(rvationl
requirements, whereas the d(isord(lr-in(luced( D band only appears when thl(re is a
breakdown in the in-plane translational symmetry [74]. For a given sp2 samlple. the
intensity of the D band for sp 2 carbons increases smoothly as El,,r (l(('Cr(ses dlie
to structulral (lefects or to finite size effects [47, 122]. In contrast. the G' ban(l is
symmetrv-allowe(l andl is an intrinsic feature of all sp 2 (carl)ons. Therefore, a laman
investigation of the second-order G'-band by varying Elm,.r for th( ici(lelt ptlotoll
provides an experimental way to probe the particular optical phonon b)ranch relpre-
sente(l by the heavy curve in Fig. 4-12.
For all frequencies shown in Fig. 6-8, the lineshape is fit by a single Lorentzian
component, with a linewidth that has a very weak (lependence on Elaqr. Assulming
that the frequency of the G' band depends linearly on El,,,er, consistent with the
behavior of the G' band in other sp2 carbons, the experimental G' band frequencies
for the sample in the present work extrapolate to 2429cm- ' at El,,,er = 0, and this
phonon frequency is approximately twice the K-point phonon frequency in the 2D
Brillouin zone of sp2 carbons. This extrapolation agrees quite well with the direct
measurement of this same phonon frequency (2440-2445 cm-l), shown in Fig. 6-9.
The weak feature that appears at 2440 cm-' in the second-order R.aman spectrum
of 2D graphite and other disordered carbons has been attri)llted to the sum of two
K-point phonons, which each have a frequency of -1220cm-' based on analysis
of the 2D resonant Raman effect for the D-band in sp2 carbons [74]. The phonon
density of states in graphite shows a weak peak associated with these K-point phonons
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Figure 6-9: The weak non-resonant feature associated with the second harmonic
(overtone) of the K-point phonon in the 2D Brillouin zone for six values of El,,r.
where an optical and an acoustic branch of the phonon spectrum for 2D graphite are
degenerate at the zone edge K-point. The K-point feature which appears in the
phonon spectrum of graphite and disordered carbons is non-resonant, because the
valence and conduction bands in the electronic structure are degenerate at the K-
point in the Brillouin zone and the photon that would be necessary to be in resonance
with this phonon therefore has Elaser ' 0.
For Elaser = 1.83eV, 1.92eV, and 1.96eV, the spectra in Fig. 6-9 show that the
peak frequency and linewidth of the second harmonic (overtone) of the K-point
phonon band are independent of El,,,, though at higher values of E,,aer = 2.41, 2.54
and 2.71 eV, the peak downshifts, broadens and becomes more asymmetric. Further
insight into these observations is provided by looking at the energies of the scattered
light. For 1.83 < Ela.er < 1.96eV, the energy of the scattered photon is between
1.50eV and 1.66 eV, using a value of 2444/2 = 1222 cm-' for the K-point phonon in
Fig. 6-9. For scattered photons in the range 1.53eV to 1.66 eV, Fig. 2-10 shows that
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Figure 6-10: Stokes and anti-Stokes Ramnan spectra for sample S2 (d,=1.49±0.2 nnl)
at El,,er = 1.58eV (782 nm) and 1.96eV (632.8 nni).
resonance with metallic nanotubes occurs. However. when Ela,r > 2.41 eV, the scat-
tered phonons have energy > 2.11 eV which Fig. 2-10 shows to be outside the metallic
window, so that only semiconducting nanotubes are excited. Figure6-9 shows that
the anomalous downshift in the K-p)oint frequency occurs for laser energies that ex-
cite semiconducting nanotllbe phonons resonantly. It should be mentioned that the
downshift of the Wtang +WR BM combination band, the upshift of the Wtang + 2wltBM com-
bination band and the downshift of the 2 K_point ban(l all occur for Ela,,r > 2.4 eV,
suggesting a possible coupling between the combination bands anti the overtone mode
of the K-point phonons.
6.3.4 Stokes vs. anti-Stokes Asymmetry
Differences between the Stokes and anti-Stokes spectra are also found (see Fig. 6-10)
for the D- and G'-band features, and the combination feature (wtang + 2WRB3M) with
regard to frequency and relative intensity, while the Stokes and anti-Stokes spectra
for the Wtang + WRBM band at Elaser = 1.58eV excitation are almost the same. No
second-order features are observed in the anti-Stokes spectra above 1700cm-1 for
El,,r = 1.96eV, and this observation is explained by a Boltzmann factor reduction
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Figure 6-11: The changes in the position of the combination feature wtang + 2 WRBM
for different values of Ela,, in both the Stokes (circle and square) and anti-Stokes
(triangle) Raman spectra. The squares represent the weak feature located in the
range 1900-1920cm - ', observed for some laser lines (see Fig. 6-7).
in relative intensity, where it is noted that the anti-Stokes spectrum at 1.96 eV laser
excitation is dominated by semiconducting nanotubes.
The different frequency shifts of the G'-band features in Fig. 6-10 can be explained
by the differing energies of the scattered photons which are involved with the 2D
resonance Raman enhancement effects associated with the K point in the Brillouin
zone [74]. For example, since the energies of the scattered photon in this region of the
Raman spectrum are on the order of hw _ 0.32 eV, an expected frequency difference
of 34 cm -1 between the anti-Stokes and Stokes G'-band frequencies is predicted from
the measured (w/dEljaer) slope of 106cm-1/eV for the G' band dispersion [87],
which is to be compared with the observed frequency difference of 36cm-' shown
in Fig. 6-10. The relative intensities of the G' features in the Stokes and anti-Stokes
spectra at Elr = 1.58 eV can only, in part, be accounted for by the Boltzmann factor
exp(-Eph/kT), which affects the anti-Stokes intensity strongly, but not the Stokes
intensity. The experiments [10] show that the G' band intensity at Elaer = 1.58eV,
where the metallic nanotubes dominate the anti-Stokes spectrum, is much greater
than one would expect from the Boltzmann factor argument in relation to the Stokes
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intensity at Elaser = 1.58eV, where the spectrum is mostly dominated by metallic
nanotubes, but some semiconducting nanotubes might also contribute to the spectra
(see Fig. 5-4). This additional enhancement of the intensity of the G' band for the
metallic nanotubes relative to semiconducting SWNTs implies a stronger electron-
phonon coupling for metallic nanotubes.
The second-order features identified with Wtang + 2WRBM are observed at 1915 cm-
and at 1921cm-' in the anti-Stokes (Stokes) spectrum at Eiasr = 1.58eV (1.96eV),
respectively, and have Raman scattered photons at 1.78eV and 1.76eV, thereby ac-
counting for the similar phonon frequencies that are observed in the two spectra [10].
In Fig. 6-11 we plot the changes in position of this feature as a filnction of the laser
excitation energy, where it is seen to shift positions discretely; this behavior is not
completely understood.
In Chapter 3 we saw that the intensities of the overtone and combination features
(due to the A-term and D-terin scattering processes) depended on the strength of the
vibronic coupling between the ground state and the excited state or among different
excited states. In all cases in the Raman spectra of the carbon nanotubes, the second-
order (overtones and combination) features are all much better resolved in both the
anti-Stokes and Stokes spectra where the metallic nanotubes are contributing to the
Raman spectra either by being in resonance with the energy of the incident and/or
the scattered photon.
6.4 Conclusions
Overtones and combination modes have been identified in the second-order spectra
for the two dominant features in the first-order spectra (the radial breathing mode
and the tangential mode) that are associated with the resonant Raman enhancement
process arising from the 1D electronic density of states. .Just as for the case of the
first-order spectra, the resonant contributions to the second-order spectra also in-
volve a different set of (n, m) nanotubes at each laser excitation energy Elaer. A
second-order analog is observed for the broad spectral band identified with contri-
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butions from metallic nanotubes to the first-order tangential mode spectra. The
unique feature of the second-order tangential overtone band shows a larger Elaer
range over which the metallic nanotubes contrillute. This effect is attributed to thle
large (hwtphon,,, ().4 eV) energy of these phonons and can be xplained within the
framework of the energy (lepeilde(n(e of thile electron 1D dlensity of states. Combina-
tion mo(tes associate(l with (tang + WRBM) ian (talRg + 2WRBM) have been tentatively
identified, and show )ehaviors as a filnction of Elasr that are consistent with the
b)ehavior of their first-order c(onstitu.nts, namely that different nanotul)es c'ontribute
to the spectra at each value of El,.r. ()Our esults indicate that the resonance pro-
(ess (electron-phonon (colupling) ocurs more strongly for metalli(c nanotulll)e thanl
for semniconducting nanotlubes, as evidenced by the plresence of the G' batnd anri tile
second-order features at w M +W I and at WfI,,g +2 wFHj i the mtallic anti-Stokes
spectrum at 1.58 eV, but their ab)sence in the 1.96 eV semiconducting anti-Stokes s)ec-
trum.
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Chapter 7
Surface-enhanced Raman
Spectroscopy
7.1 Introduction
Resonance Raman spectroscopy provides a sensitive probe of both the vibrational
and electronic properties of carbon nanotubes [26, 89, 95, 102]. Furthermore, surface-
enhanced Raman spectroscopy (SERS) can enhance the Raman scattering intensity of
species adsorbed on specially prepared metal surfaces by many orders of magnitude,
thereby providing a means for observing Raman spectra for single molecules [58, 59].
Surface-enhanced resonance Raman spectroscopy (SERRS) would further increase
the enhancement factors, by taking advantage of the orders of magnitude increase in
the Raman signal of the scattering species when the laser excitation energy matches
and allowed electronic transition. Single wall carbon nenotubes (SWNTs) can show
a strong surface-enhanced Raman effect when they are in contact with metallic struc-
tures with nanometer sized roughness [33, 55]. The strong enhancement of the Raman
signal by SERS opens up exciting opportunities for studying the Raman spectrum
of a small number of nanotubes, and, maybe, even a single nanotube, to retrieve the
intrinsic properties of SWNTs, which in conventional Raman experiments are hidden
under the inhomogeneous broadening coming from ensemble averaging.
The dominant contribution to the enhancement of the Raman signal comes from
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strongly enhanced optical fields in the vicinity of the metallic nanostructures (elec-
tromnagnetic SERS enhancement) [82, 85]. In general, the SERS enhancement can
also have a contribution from a so-called "chemical" SERS enhancement mechanism
[12, 13, 82, 85], which is based on the specific interaction between the target molecule
and the metal substrate, in our case, the interaction between the nanotube and the
"SERS-active" metal, which takes place in the extremely strong optical fields around
the metallic nanostructure. This enhancement effect is based on changes or improve-
ments in the resonance Raman scattering (RRS) conditions in the "new system", the
SERS system, consisting of nanotube, metal substrate and photon, compared to the
usual RRS "system" consisting of nanotube and photon, which is studied in "normal"
RR.S [10, 89, 95].
Previous work has concentrated on the estimate of the total SERS enhancement
factor when the carbon nanotubes are adsorbed on silver colloidal clusters [55]. In this
Chapter, I focus on the nature of the so-called "chemical contribution" to the SERS
enhancement, which is based on the electronic interaction between the nanotubes and
the metallic substrate. In particular, the dependence of this interaction on the metal
species, and on the laser excitation energy, is studied in the present work.
In the case of carbon nanotubes, which show a strong resonance Raman effect
associated with the singularities in the 1D electronic density of states, the sensitivity
of the SERS probe can be especially high, since the enhancement effects from both
the resonance Raman and SERS effects can be combined multiplicatively for laser
excitation wavelengths in the visible/near infrared spectral region.
Surface-enhanced Raman scattering studies under resonance Raman scattering
conditions, denoted here by SERRS, applied to SWNTs open up very interesting
opportunities to study the "chemical" SER.S effect, since a nanotube sample pro-
vides "target molecules", which have well defined, and even different [semniconducting
(S) and metallic (M)] electronic structures, as illustrated in Fig. 7-1, where inter-
band transitions between van Hove singularities in the 1D density of states of the
valence and conduction bands are shown for semiconducting (S) and metallic (M)
nanotubes. In this Chapter we investigate the chemical contribution to the SERRS
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Figure 7-1: Calculation [24, 52, 99] for yo = 2.9 eV of the energy separations Eii(dt) for
all (n, m) nanotube values vs nanotube diameter 0.7 < dt < 3.0nm. Semiconducting
and metallic nanotubes are indicated by crosses and open circles, respectively. The
filled squares denote zigzag tubes. The vertical lines denote dt = 1.35 0.20 nm for
our single wall carbon nanotube sample. The cross-hatch pattern denotes the range
in Ela,,er where metallic nanotubes are expected to contribute resonantly to the anti-
Stokes spectrum and the vertical lines pattern indicates the window for the Stokes
spectrum.
137
A 
effect of SWNTs. We apply different excitation wavelengths in order to probe the
electronic density of states for metallic and semiconducting nanotubes by measur-
ing the excitation profiles (Raman scattering vs excitation energy) of the tangential
modes. Moreover, frequency shifts of the G' band (see Section 6.3.3), which appears
at ~2600cm- 1 in the second order spectra of the nanotubes, provide us with an
independent probe of the nanotube-metal interaction.
We investigate a number of issues relevant to surface-enhanced Raman scattering
(SERS) of single wall nanotubes under resonance Raman conditions. Resonant Ra-
man scattering (RRS) spectra are compared with the corresponding SERRS spectra
for six laser excitation energies El,, for Au and Ag film and nanostructured Ag clus-
ter substrates for several distinct spectral features in the Raman spectra. A plot of the
interband transitions between van Hove singularities in the D density of states in the
valence and conduction bands for semiconducting and metallic nanotubes (Fig. 7-1)
is used to interpret and compare the detailed features in the RRS and SERS spectra.
The selective enhancement of specific features in the Raman spectra is investigated for
both semiconducting and metallic nanotubes for various Elaser values, by carrying out
a detailed lineshape analysis of these spectra. Additional understanding of the reso-
nant SERS enhancement processes is achieved through comparison of the RRS and
SERRS anti-Stokes spectra. To extract information about the interaction mechanism
between the nanotubes and metal substrates, we have studied the mode frequencies
and intensities of the G' band, which is associated with a resonant second-order pro-
cess for phonons near the K point in the 2D Brillouin zone. From these studies
we obtain detailed information about the comparative roles of the electromagnetic
and charge transfer SERS enhancement mechanisms for metallic and semiconducting
nanotubes.
7.2 Experimental Details
This study was performed on the sample S1 (dt = 1.35 ± 0.20 nm). The Raman and
SERS experiments were performed under ambient conditions using a back-scattering
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Figure 7-2: Absorbance spectra of (a) a 50 A gold film and (b) a 100 A silver film
deposited on a glass substrate (lower curve), and fractal colloidal silver clusters in
aqueous solution (upper curve).
configuration. For laser excitation radiation we used the 514.5 nm (2.41 eV) line from
an Ar+ laser; the 632.8 nm (1.96 eV) line from an air cooled He-Ne laser; the 647.1 nm
(1.92eV) and 676.4nm (1.83eV) lines from a Kr+ laser; the 782.0nm (1.58eV) line
of a solid state Al-doped GaAs laser; and the 830nm (1.49eV) line of a Ti:sapphire
laser.
The SERS substrates were prepared by two methods. One method employed
vacuum evaporation of silver (film thicknesses of 50 and 100 A) or gold (film thickness
of 50 A) on to glass slides. The nanotubes were deposited on the rough metal surface
from a dispersion prepared by sonication of the nanotubes in isopropanol. SERS
experiments were also carried out using silver colloidal solutions, prepared by either
laser ablation of a silver target or by electrochemical reduction of a silver salt [55, 65].
A solution of nanotubes in isopropanol at extremely low nanotube concentrations was
added to the silver aqueous colloidal solution. For the measurements a droplet of this
sample solution was evaporated on a glass slide, resulting in the placement of fractal
colloidal silver structures, with particles ranging in size between 10 and 70 nm, in
close contact with some of the single wall nanotubes.
The extinction (absorbance) spectra for the prepared SERS substrates in the
absence of the nanotubes are shown in Fig. 7-2. For the silver film, the surface plasmon
absorption gives rise to a broad band between 400 and 900 nm, while the absorption
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band for the gold island film starts at 500nm, and extends to the near infrared
region. The very broad extinction (absorption) bands observed for both the Ag and
Au substrates are characteristic of the presence of clusters of metal particles, since
the single metal particle absorption for silver and gold is known to give rise to much
narrower bands at about 400 nm and 520 nm, respectively [79]. The differences in the
spectra between colloidal silver particles and evaporated silver film substrates arise
from the different distributions of particle sizes within the clusters in the two kinds
of silver substrates.
7.3 Results and Discussion
Figure 7-3 shows a comparison, over a broad frequency range from 500-3500cm -1 ,
between the normal [Fig. 7-3(a)] and surface-enhanced resonant Raman spectra ob-
served from single wall carbon nanotubes (SWNTs) on a silver film [Fig. 7-3(b)] and
on a gold film [Fig. 7-3(c)]. These spectra were measured at 632.8 nm (1.96eV) ex-
citation using 40W/cm 2 incident laser intensity and have all been corrected for the
spectral response of the system.
As shown in Fig. 7-1, a strong contribution to the Stokes Raman scattering process
at a laser excitation energy E,,,er=1.96 eV for nanotube diameters dt = 1.35+0.20 nm
comes from resonance with electronic transitions between the highest energy singu-
larity in the 1D density of electronic states in the valence band to the corresponding
lowest energy singularity in the conduction band for metallic nanotubes, denoted
by EM(dt). Figure 7-1 indicates that a strong resonant contribution for the Stokes
process also occurs from semiconducting nanotubes within the SWNT sample, with
diameters dt in the upper range of the dt distribution, mainly through resonance of
the scattered photons with the Ei(dt) electronic transition (see Fig. 7-1) [11, 32, 89].
The superscripts M and S in Eii(dr) refer to metallic and semiconducting nanotubes,
respectively.
The dominant feature in the spectra in Fig. 7-3 is associated with the first-order
tangential G-band occurring in the phonon frequency range 1500-1600cm-'. From
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Figure 7-3: Normal resonant Raman scattering (RRS) Stokes spectrum (a), and
surface-enhanced resonant (Stokes) Raman Scattering (SERRS) spectra of single-
wall nanotubes (SWNTs) adsorbed on (b) gold and (c) silver island films in the
500-3500 cm-' range using laser excitation at El,aer = 632.8 nm (1.96 eV).
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the lineshape of this broad Raman band [89, 95], we infer that the dominant con-
tribution to the spectrum comes from metallic nanotubes. The features of lower
intensity near 1310cm -1 are identified with the D-band [74]. The feature in the
1730-1740cm - 1 range is tentatively associated with a combination mode [11] be-
tween the tangential mode and the radial breathing mode phonons (tang + WRBM),
while the feature in the 1900-1930 cm-l range is tentatively attributed to a combina-
tion mode [11] (tang + 2WRBM). The weak feature near 2440cm - 1 (only observed at
higher magnification) is identified with a non-resonant overtone in the second-order
spectrum of the K-point vibration at about 1220 cm-l [11], and finally the strong fea-
ture in the 2600-2624cm- 1 range is due to the G'-band (the overtone of the D-band
feature). At a given value of Elaser, all nanotubes contribute to the G'-band, while
only those nanotubes with electronic transitions (see Fig. 7-1) that are in resonance
with the incident and/or scattered photon contribute significantly to the tangential
band spectrum.
Figure 7-3 shows that qualitatively similar spectral features are observed for the
Stokes process for normal resonant Raman scattering and for SERRS, though there
are differences in the detailed lineshape, peak frequencies, and relative intensities
between the RR.S and SERRS spectra for either of the two metal substrates, as dis-
cussed below. The SERRS spectra for the Ag and Au films are almost identical.
Generally speaking, the features which show little dispersion (dependence of the Ra-
man frequency on Ea,,r) in the RRS spectra show very small frequency shifts between
features in the RRS spectra and in the corresponding SERRS spectra. In contrast,
features, such as those associated with the D-band, the Wtang + 2 WRBM combination
mode, and the G' band, which all show large dispersion in their RRS spectra, also
show large differences between their RRS and SERRS spectra at a fixed Ela,,,er. These
differences in the spectral features between the R.RS and SERRS spectra are a main
focus of this Chapter, as discussed in more detail in the next section.
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7.3.1 Tangential Raman Band
To provide a more detailed comparison between the RRS and SERRS spectra, we
show in Fig. 7-4 the tangential band in the Stokes spectra as observed by RRS for
five different Elaser values (a), by SERRS with a 50 A Au film for five different Ela,,,r
values (b), and by SERRS with a 100A Ag film for four different Elaer values (c).
Figure7-5 shows a plot of the Stokes (solid curve) and anti-Stokes (dashed curve)
energy windows where the tangential G-band features of metallic carbon nanotubes
(1540cm- 1 B-W--F feature and 1580cm- Lorentzian oscillator) are expected to be
resonantly enhanced for this sample of SWNTs. The vertical lines indicate where the
laser excitation energies used in this study fall relative to the metallic resonance energy
windows. Regarding the tangential band between 1500-1630cm -1 , semiconducting
nanotubes dominate the Stokes spectra at Elaser = 1.58eV and 2.41 eV, metallic
nanotubes dominate the spectra at Elaser = 1.83 eV and 1.92 eV, while the spectra at
1.96eV are in an interesting regime, where both metallic and semiccnducting tubes
contribute strongly. Comparison of the Raman spectra-for a given El,,,r value shows
that the SERRS spectra for the two different metal film substrates are more similar to
one another, than are the RRS and SERRS spectra at the same Elaer value. To make
a comparison among the three spectra more quantitative, we carried out detailed
lineshape analysis for some of the spectra in Fig. 7-4. The results of this analysis are
summarized in Table 7.1, and are shown for illustration in Fig. 7-6 for El,,,,e = 1.96 eV.
We now discuss these results in more detail.
For the two laser excitation energies where only semiconducting nanotubes con-
tribute to the resonant Stokes spectra, Elaer = 1.58eV [resonant with the E2(dt)
electronic transition for semiconducting nanotubes (see Fig.7-1)] and 2.41eV [res-
onant with E(dt)] [11, 50, 52], the tangential G-band phonon mode region shows
Lorentzian components at 1552cmn- , 1565cmi-', 1591cm-' and 1610cmrn (see Ta-
ble7.1), which are ssociated with normal resonant Ramn spectra from semricon-
dlucting nanotubes (consistent with polarization measurements) [44], as shown in
Fig. 7-1. The SERRS spectra at Elaer - 1.58eV and 2.41eV for both Ag and Au
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Figure 7-4: The spectral region between 1300-1900cm-' in more detail showing the
RRS Stokes spectrum (a), and the SERRS Stokes spectra for SWNTs adsorbed on
(b) a 50A gold film and (c) a 100A silver film for several laser excitation energies
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Figure 7-5: Metallic window for carbon nanotubes with diameter of dt = 1.35±0.2 nm
for the Stokes (solid line) and anti-Stokes (dashed line) processes, which cross at Eaer
= 1.80eV [10]. Also indicated on the figure by vertical dashed lines are Elar values
used in this study.
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film substrates are closely similar to each other and to the normal Raman spectra,
and basically the same frequencies and relative intensities can be observed for the
four constituent Lorentzian components, as indicated in Table 7.1. Below we describe
SERRS and RRS spectra taken at Elaser = 1.49eV under different experimental con-
ditions, and using a fractal colloidal silver substrate, again yielding the same Stokes
spectra for semiconducting SWNTs (see Fig. 7-8), namely that the relative intensities
of the four dominant Lorentzian components are very similar for the SERRS and
RRS Stokes spectra for semiconducting SWNTs.
For the three values of El,,,er in Fig. 7-4 within the 1.8 < Elaser < 2.0 eV range, the
RRS spectra show the appearance of new components at 1540cm - ' (B-W-F) and
1581 cm -1, which are identified (see Fig. 7-1) with resonantly enhanced features from
metallic nanotubes in resonance with the EM(dt) transition [89]. In this laser excita-
tion energy range, significant changes can be seen when comparing the RRS spectra
to the two corresponding SERRS spectra, whereas the SERRS spectra for nanotubes
on Au and Ag are similar to one another. In particular, the lineshape analysis in
Fig. 7-6 at El,,,er = 1.96 eV shows that the contribution of the lower frequency Breit-
Wigner-Fano component for the rnetallic nanotubes is much more pronounced for
the SERRS spectra than for the RRS spectrum, though the peak frequencies for
both of these metallic components appear to )e the same. The SERRS enhance-
ment of the nanotubes adsorbed on the silver island films (at Easer = 1.96eV) is
particularly strong for the 1540cm- l (B-W-F) metallic component (110% increase
in integrated intensity compared to the 1540cm - ' B-W-F component in the RRS
spectrum), while the 1581 cm-l component shows less difference (only -20% increase)
between the RRS and SERRS spectra. For El,,,r = 1.83 eV and 1.92eV, which are
both within the metallic window for this sample, the SERR.S and RRS spectra can be
fit with the same Raman lineshapes as for the spectra at Ela,,, = 1.96eV, discussed
above, an(l once again the Breit-Wigner--Fano omnponent at 1540 cm-' associated
with the metallic nanotubes is more strongly enhanced( in the SERR.S spectra. The
experimental intensity ratios are given explicitly in Table 7.1 for various laser exci-
tation energies and for the relevant Lorentzian oscillators and B--W--F lineshape at
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Table 7.1: Frequencies (w), full width at half maximum intensity (F) of the curves,
and the relative intensity (the ratio of the integrated intensity of each component
of the tangential G-band to that of the 1592 cm-' peak, denoted by Rel. Int.) as a
function of Elaser for the Stokes spectra. The 1540- curve is a Breit-Wigner-Fano
lineshape with 1/q (shown in parentheses beside Rel.Int. for the B-W-F curves)
varying from -0.15 to -0.24. The symbols (*) and (t) refer to components associated
with metallic and semiconducting nanotubes, respectively.
RRS SERS-Au SERS-Ag
w(cm- ') r (cm- ') Rel. Int. (1/q) Rel. Int. (/q) Rel. Int. (1/q)
El,,,er = 1.83 eV
1540* 70 5.0 (-0.20) 7.2 (-0.19) -
1552t 18 0.2 0.2
1565t 14 0.3 0.4
1581* 22 1.2 1.3 --
1592t 16 1.0 1.0
1610t 40 0.4 0.5
Elaser = 1.92 eV
1540* 70 5.3 (-0.19) 6.0 (-0.20) 7.1 (-0.24)
1552t 18 0.2 0.2 0.2
1565t 14 0.3 0.4 0.4
1581' 22 1.1 1.3 1.2
1592 t 16 1.0 1.0 1.0
1610t 40 0.4 0.4 0.4
Elaser = 1.96eV
1540* 70 3.5 (-0.22) 5.9 (-0.17) 7.2 (-0.15)
1552t 18 0.2 0.2 0.1
1565t 14 0.3 0.3 0.3
1581* 22 0.9 1.1 1.1
1592 t 16 1.0 1.0 1.0
1610t 40 0.5 0.5 0.6
El,,,er = 2.41 eV, 1.58 eV
1552t 18 0.2 0.2 0.2
1565t 14 0.4 0.4 0.4
1591 t 15 1.0 1.0 1.0
1610t 26 0.5 0.5 0.5
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Figure 7-6: Deconvolved spectra of the tangential vibrational band obtained with
laser excitation (El,,er) at 632.8nm (1.96eV) for (a) normal resonant Raman spec-
troscopy, (b) SERRS on an Au substrate, (c) SERRS on an Ag substrate. The insets
to (b) and (c) are the absorbance vs. photon wavelength for each metal substrate.
A detailed lineshape analysis of the spectra is made with the same Lorentzian os-
cillators at 1552cm - 1, 1565cm - , 1592cm-1 and 1610cm - ' for the semiconducting
nanotubes, a Lorentzian oscillator at 1581 cm-' and a Breit-Wigner-Fano lineshape
at 1540 cm-' are used for the metallic nanotubes (see Table 7.1). The dominant com-
ponent in the metallic nanotube regime (1540cm-') and the strongest component in
the semiconducting nanotube regime (at 1592 cm-') are labelled.
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1540cm- l at that value of El,,aer. Table7.1 shows that the Raman B--W-F features
at 1540 cm- 1 are strongly enhanced in the SERRS spectra relative to the RRS spec-
tra, while the intensity of the 1581 cm -t component is only slightly changed. In the
spectra at Elaer = 1.96 eV, 1.92 eV and 1.83 eV, the relative intensities of the weaker
components at 1552, 1565, 1591 and 1610cm - 1, that are associated with the semi-
conducting nanotubes, are almost the same for the RRS and SERRS spectra. At
a given value of Elaser, all components of the the SERRS spectra for the metallic
nanotubes are about equally enhanced (within experimental error) for the silver and
gold substrates, as shown in Table 7.1. On the other hand, the contributions to the
spectra from the semiconducting nanoclibes (at 1552 cm-', 1565 cm - l', 1592 cm-' and
1610 cm- 1 ) are essentially the same for SERRS as compared to RRS, and are also the
same for the Ag and Au substrates for all values of Elaser shown in Table 7.1.
Further information is obtained by comparison of the anti-Stokes RRS and SERRS
spectra of the SWNTs. To obtain sufficient intensity to observe the SERRS anti-
Stokes spectra, fractal colloidal silver clusters were used for the "SERS-active" sub-
strate, exploiting the very high effective enhancement factors (on the order of 10'0 -
1012) recently reported for nanotubes adsorbed on such silver surface when excited
at 830 nm (Easer = 1.49 eV) [55]. Figure 7-7 shows the Raman spectra obtained from
a bundle of SWNTs associated with the silver colloids. Position #1 is located far
away from the colloids and shows no Raman signal. Position #2 is just below the
colloid and shows a weak Raman signal, while at position #3 we are directly hitting
the colloids with the excitation laser, and the large enhancement in Raman signal
intensity is clearly seen. In general, due to Boltzmann population considerations, the
intensity of the anti-Stokes signal of the tangential modes is expected to be very weak.
In normal RRS spectroscopy on SWNTs, an increase in the temperature results in
a higher population of these vibrational levels and makes it possible to obtain mea-
surable anti-Stokes spectra [10]. However, in SERRS, the strong thermal coupling of
the nanotubes to the metal substrate prevents the occurrence of such an increase in
the temperature. But at extremely strong SERRS enhancement levels, the Raman
Stokes process measurably populates the first excited vibrational level in excess of the
148
Figure 7-7: A long bundle of SWNTs is shown associated with colloidal silver particles
(such as near position #3). The square at the top of the figure is a NaCl crystal, which
is used to cause the silver particles to form the clusters. The inset shows the Raman
spectra obtained with laser excitation at El,,,er = 1.49 eV, taken at three points along
the bundle [55].
Boltzmann population. This results in a strong anti-Stokes SERRS spectrum mea-
sured at 830nm (1.49eV) excitation [55]. Figure7-8(b) shows a lineshape analysis
of RRS and SERRS Stokes and anti-Stokes spectra of the tangential band measured
at this excitation wavelength. In contrast to the Stokes spectra at 1.49eV discussed
above, where RRS and SERRS spectra show similar lineshapes characteristic of semi-
conducting nanotubes, changes in relative intensities are seen in the anti-Stokes side
of the Raman spectra, where so-called pre-resonance effects involving the scattered
photon can occur [55]. Although the energy of the incident photon (1.49eV) is lower
than the energy of the E M (dt) electronic transition associated with the metallic nan-
otubes (thus preventing any resonant Raman enhancement for metallic nanotubes in
the Stokes spectra), the upshifted scattered anti-Stokes photon gives rise to a reso-
nant Raman effect for metallic nanotubes through the EM[(dt) electronic transition,
as shown in Fig. 7-5, where the Raman bands of the metallic nanotubes (1540 cm -
B-W--F feature and 1580cm - 1 Lorentzian oscillator) are expected to be resonantly
enhanced [10].
It is very interesting to note that while the Stokes spectra at E,,,er = 1.49 eV show
only vibrational modes associated with the semiconducting nanotubes (with no dif-
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Figure 7-8: (a) Anti-Stokes Resonant Raman and SERS spectra of SWNTs adsorbed
on colloidal silver particles taken with laser excitation at Eaer = 1.49 eV. (b) Detailed
lineshape analysis of the anti-Stokes tangential vibrational band. The Stokes spectra
at Elaser = 1.49 eV are also shown for comparison.
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Table 7.2: Relative intensities and FWHM linewidths (r), and additionally the value
of 1/q for the Breit-Wigner-Fano peak, for fits to the RRS and SERRS anti-Stokes
spectra for metallic (*) nanotube components at Easer = 1.49 eV.
RRS SERS-Ag
w (cm-1 ) tRel. Int. r (cm-l) 1/q tRel. Int. r (cm-') 1/q
1540* 0.75 60 -0.27 2.21 70 -0.20
1580* 1.0 38 - 1.0 52
t Intensity of 1540cm-1 feature (B-W-F lineshape) taken relative to 1580cm - 1 fea-
ture (Lorentzian lineshape).
ference in relative intensities of the Lorentzian components from RRS to SERRS) and
no measurable scattering intensity from metallic nanotubes (see Fig. 7-8), the anti-
Stokes spectra in the tangential phonon region, for both the RRS and SERRS spectra
can be fitted, using only the 1540 cm-' B-W-F feature and 1580 cm-' Lorentzian os-
cillator associated with metallic nanotubes and no measurable scattering intensity for
semiconducting nanotubes, as shown in Table 7.2. The anti-Stokes spectra obtained
at Elaser = 1.49 eV (Fig. 7-8) are therefore in a very special resonance condition, al-
lowing discussion of the differences in the observed RRS and SERRS lineshapes when
only metallic nanotubes appear to contribute to the anti-Stokes Raman signal. This
condition is not observed in the Stokes spectra for our sample, for any of the available
laser wavelengths. The different spectral RRS profiles between the Stokes and anti-
Stokes Raman spectra were discussed in detail in Chapter 5 for the larger diameter
nanotubes sample S2 (dt = 1.49±0.2 nm), and similar results are shown here for sam-
ple S3 (dt = 1.35±0.2 nm). The fact that, for the same laser wavelength, the Stokes
and anti-Stokes spectra can be in a completely different (metallic vs semiconducting
nanotube) regime can be understood in terms of resonance Raman scattering theory
and the exceptional electronic structure of metallic and semiconducting nanotubes
(see Fig. 7-1). However, if the incident photon is in weak resonance with the Eii(dt)
transitions (dashed horizontal line at 1.49eV in Fig. 7-1), while the scattered photon
is in a much stronger resonance condition, then RRS enhancement will emphasize
the resonance with the scattered photon. Since the resonant enhancement factors
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can be large (> 102), it is possible for the scattered photon to dominate the reso-
nance enhancement process, thereby allowing a given Elaser excitation to probe either
metallic or semiconducting nanotubes very selectively, thereby resulting in very dif-
ferent lineshapes at the Stokes and anti-Stokes sides. Such effects are clearly seen in
Fig. 7-8(b).
We can account for this observation in the following way. Each component asso-
ciated with metallic nanotubes (1540 and 1580cm- 1 ) correspond to different normal
mode displacements. The equation for the Raman scattering intensity for each of the
Lorentzian components of the ensemble of metallic nanotubes that is involved in the
resonant Raman process was shown in Chapters 4 and 5 (and here reproduced) to be
written as:
IM = EA exp {(di- }
x[(EM(dt) - Ea.er ± Eph)2 + r2/4] - (7.1)
x [(Em (dt) - EIaeri)2 + r2/4]-1
in which IM = IM(Easer, dt) is the scattering intensity for the Stokes process (+ sign)
and for the anti-Stokes process (- sign) for each Lorentzian component of the ensem-
ble of metallic nanotubes in resonance with the EM(dt) electronic transition between
the highest lying valence band van Hove singularity and the lowest lying conduc-
tion band singularity in their 1D electronic density of states [26, 89]. This formula
was introduced before we started using the B-W-F lineshape analysis. However, the
difference in integrated intensity of the B-W-F feature and a Lorentzian oscillator
with similar fitting parameters (but setting 1/q=0) are expected to be small. The
sum in Eq. (7.1) is over all metallic nanotubes having a diameter distribution given
by dt = do + Ad where do is the average diameter and Ad is the FWHM width of
a Gaussian distribution of nanotube diameters. Also Eph denotes the phonon fre-
quency for the tangential band (0.20eV), r, is a damping parameter determined by
fitting experimental data to Eq. (7.1), A is a dimensionless factor proportional to the
Boltzmann factor exp(-Eph/kT) for the anti-Stokes process and a constant for the
Stokes process [11, 89], and the magnitude of this factor A depends on the scattering
cross section for the normal mode displacements and symmetry of a given vibrational
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mode.
Equation (7.1) applies to each metallic component individually. For example,
Fig. 7-5 shows the calculated intensity for the 1540cm-' Breit-Wigner-Fano line-
shape (the dominant component in the Raman spectra for metallic nanotubes) as a
function of El,,er for the Stokes and anti-Stokes RRS processes. The two components
(1540 cm -1 and 1581 cm-') have somewhat different intensity profiles, which also dif-
fers for RRS relative to SERRS. Therefore the composite spectrum that is observed
for the tangential modes after summing over the contributions from each nanotube
in the sample may show different enhancements for the 1540cm-' and 1581cm -'
components as a function of El,,ar.
For the metallic nanotubes, which are observed in the anti-Stokes spectrum at
El,,,er = 1.49 eV [10, 55], the RRS spectra and the SERRS spectra, taken with nan-
otubes adsorbed on the colloidal Ag particles, are also consistent with the correspond-
ing results observed at El,,,r = 1.96 eV, 1.92 eV and 1.83 eV for the Stokes process on
Ag and Au film substrates. The same peak frequencies for the two components for the
tangential band feature for metallic nanotubes, 1540cm- ' (B-W-F) and 1581cm -1
(Lorentzian), that give a good fit to the observed Rarnan band in the anti-Stokes
spectra for both the RRS and SERRS spectra at 1.49eV, also give a good fit to the
RRS and SERRS Stokes spectra at El,,,r = 1.83, 1.92 and 1.96 cV.
A more detailed comparison of the relative intensities of each of these components
associated with metallic nanotulbes in the anti-Stokes spectra at 1.49eV (while the
nanotubes adsorbed on silver colloidal clusters [55]) is given in Fig. 7-8 and in Ta-
ble 7.2. Both anti-Stokes tangential G-band spectra were fit with similar (metallic)
lineshapes, although the SERRS features are broader and the 1/q value is decreased
slightly relative to the corresponding R.R.S feature (Fig. 7-8(b)). However, the inten-
sity ratio I1540/I580 is much larger for SERRS (2.21) than for RR.S (0.75). For these
anti-Stokes spectra (at 1.49 eV), the metallic nanottubes dominate, and the 1540 cnm-
B-W--F component is the one that is most enhanced by SERRS.
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Table 7.3: Wavenumbers (w) and FWHM (F) (both given in cm-') for the second-
order G' Raman band observed at the indicated wavelengths for resonant Raman and
SERS spectra. Also listed for E!aser = 2.41 eV and 1.96 eV are the intensities of the G'-
band feature taken relative to the tangential G-band feature from the corresponding
spectrum (Rel. Int.).
Spectra
RRS
SERS(Au)
SERS(Ag)
2.41 eV 1.96 eV 1.92 eV
w r Rel. Int. w r Rel. Int.
2662 63 0.15 2600 68 0.43
2674 56 0.18 2624 51 0.59
2676 54 0.19 2624 49 0.63
w F
2604 66
2623 48
2622 47
7.3.2 Other Raman Bands
In addition to changes in the tangential vibrational modes, other features in the
Raman spectra for SWNTs are also perturbed by the presence of the metal substrate
(see Fig. 7-3). In this figure, we see that the D-band feature (1307-1315cm - l) in
the first-order Stokes spectrum at 1.96eV is upshifted by 4--8cm - ' in the SERRS
spectrum relative to the RRS spectrum, while the corresponding second-order G'-
band is upshifted by 24cm - 1 upon interaction with the metal substrate. The data
in Table7.3 for the G'-band at three values of Er,, [2.41eV (514.5nm); 1.96eV
(632.8 nm); 1.92 eV (647.1 nm)] show that the shift in the G' band is much larger for
Eiaser values where metallic nanotubes contribute strongly to the Raman spectra than
for the Ela,,r value in the semiconducting regime.
Furthermore at El,,,r = 1.96 eV (within the metallic window), the intensity of the
G' band relative to that of the tangential mode, denoted simply by (It,/Itag), has
a value of 0.4 for the normal Raman spectra as compared to a significantly larger
value of 0.6 for the SERS spectra. In contrast, for El,,,r = 2.41 eV where only the
semiconducting nanotubes are in resonance with Ela,-, the ratio (I(;,/It,g) has the
same value of 0.2 for both the RRS and SERRS spectra.
Figure7-8 for El,,er = 1.49eV also shows a large upshift in the frequency of the
second-order G'-band for the adsorbed nanotubes (from 2600 cm- 1 for the normal res-
onant Raman spectrum to 2636 cm-n' for the SERRS spectrum) at the anti-Stokes side
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of the Raman spectra. For the anti-Stokes spectra which is dominated by resonance
with metallic nanotubes, the relative intensities of the G' band to the tangential band
seems to be a factor of -2 larger for the RRS spectrum relative to the SERS spectrum
which can be explained by laser heating of the samples in RRS. Such heating does
not, however, appear for SERRS because of the good thermal contact between the
nanotubes and the metal substrates.
In summary, the intensities in the SERS Stokes spectra of the G'-band are larger
relative to the tangential vibrational band for the metallic single-wall carbon nan-
otubes, in contrast to the situation for the semiconducting nanotubes where the in-
tensity ratios are the same for all Elaser values that were studied.
The (tang+WRBM) and (tang+2WRBM) combination band frequencies at 1730 cm- '
and 1905cm-', respectively, in the RRS spectrum in Fig. 7-3 are also upshifted to
1740 cm-' and 1931 cm- l, respectively, for the adsorbed nanotubes in the correspond-
ing SERRS spectra at 1.96 eV. It is interesting to note that the larger upshift for the
(Wtang + 2WRBM) combination mode is consistent with the larger variation of this mode
frequency with Elaser in the RRS spectra [11]. It is interesting to note that, as was
shown in section 6.3, the combination feature Wtang+ 2 WRBM was located at 1930 cm - l
when the tangential G-band features for metallic nanotubes were resonantly enhanced
in the Raman spectra.
Since the mechanism responsible for resonant Raman scattering for the D-band
in the first-order spectrum and for the G'-band in the second-order spectrum at twice
the D-band frequency is quite different from that for the tangential band [74], a com-
parison of the behavior of these modes under normal resonant Raman scattering and
under SERRS yields valuable information about these phenomena. From the above
discussion on the tangential mode spectra, we conclude that the same Lorentzian
components appear in the lineshape analysis of the RR.S and the SERRS spectra for
the semiconducting nanotubes (at 1552, 1565, 1591 and 1610cm- l ) without change
in the relative intensities of these Lorentzian components. And even in the RRS and
SERRS spectra for the metallic nanotubos, the same components (1540 cm-l B-W-F
lineshape and 1580cm-' Lorentzian oscillator) appear in both the RRS and SERRS
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spectra, though with different relative intensities at a given value of El,,er. From these
results, we conclude that the normal mode vibrations are essentially unchanged by
the interaction between the nanotubes and the metal substrate. But rather the elec-
tronic excitations are somewhat perturbed by this interaction, with evidence for this
interpretation coming from the upshift in the D-band and the G'-band frequencies
in the SERRS spectra for all nanotubes relative to the corresponding RRS spectra,
and from the increase in the relative intensities of these Raman bands in the SERRS
spectra relative to the RRS spectra for the metallic nanotubes. Following this line
of reasoning, we argue that the interaction between the nanotubes and the metal
substrate perturbs the electronic structure near the K point of the 2D Brillouin zone,
so that the D-band and the G'-band vibrational spectra which are resonantly excited
by a given laser energy Elaser, now correspond to a slightly upshifted k-point relative
to the K point in the 2D Brillouin zone. But since the D-band (and the G'-band)
phonon that is resonantly enhanced has the same wave vector as that of the reso-
nant electronic transition [74], the upshift in the SERRS spectrum relative to the
RRS spectrum is a measure of the strength of the electronic interaction between the
nanotube and the metal substrate. Because of the much larger experimentally ob-
served upshift of the G' band frequency for the metallic nanotubes, we conclude that
the interaction of the metallic nanotubes with the metal substrate is much stronger
than for the semiconducting nanotubes. This conclusion is also consistent with the
increased intensity of the components (especially the B-W-F component) associated
with the tangential G-band of metallic nanotubes in the SERRS spectra relative to
the intensity of the same Lorentzian components in the RRS spectra. These argu-
ments also lead to the conclusion that the electron-phonon interaction is stronger for
the metallic nanotubes than for the semiconducting nanotubes.
Surface-enhanced resonant Raman spectroscopy predominantly enhances the sym-
metric vibrations for the nanotubes. The large upshift in the G' band for metallic
nanotubes in the SERRS spectra (by ,,24cm -)) for Elaser = 1.96eV, and for the
semiconducting nanotubes (by 13cm -1 ) at Ei,,e = 2.41 eV is consistent with the
"breathing-mode" type motion of the carbon atoms for the mixed "quasi-acoustic" op-
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tic phonon branch near the K-point [74]. Normal resonant Raman and SERS spectral
intensities are both larger for the totally symmetric modes, and the very appearance
of the G' band in the Raman spectra relies greatly on the "breathing-type" motion
of the phonons involved [74]. The larger shift in the G' band in the SERS spectra
for the metallic nanotube regime (which includes spectra taken at both 1.96eV and
1.92 eV) would also be an indicator of a stronger interaction of the metallic nanotubes
with the metal substrate reflected in the greater SERS enhancement for the metal-
lic nanotubes while the smaller shift for the semiconducting nanotubes is consistent
with a lesser SERS enhancement due to a smaller interaction between semiconducting
nanotubes and the metal substrate. The frequency upshift of the combination bands
(Wtang + WRBM and Wtang +2 WRBM) also support the argument that the combination
modes contain a totally symmetric mode in the decomposition of the direct product
of the symmetry types contained in the combination mode.
7.3.3 The SERS Enhancement Mechanism
There are two major contributions to the surface enhancement of the resonant Raman
scattering of carbon nanotubes adsorbed on metallic surfaces: the "electromagnetic"
mechanism and the "chemical" mechanism, based on a charge transfer between the
metallic surface and the nanotubes. The "electromagnetic" mechanism is due to the
enhanced electromagnetic fields at or near nanometer size metallic particles, in our
case "rough" silver and gold surfaces. Particularly strong field enhancement up to
10 to 12 orders of magnitude can exist for metallic substrates showing fractal cluster
structures [73, 113, 115]. At the excitation wavelengths used in the reported experi-
ments, the electromagnetic enhancement is expected to be based on resonances of the
optical fields with the collective electronic excitations of such cluster structures and
not with those of the isolated particles. This "clllster-based" field enhancement does
not directly depend on the sizes and( shapes of the individual particles, and there-
fore is expected to be similar for our metal island films and colloidal silver surfaces.
The fields highly localized in small areas of the cluster [73] result in much stronger
SERRS enhancement for clusters than for isolated particles [56, 57]. Theoretical
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calculations predict that these SERS-active substrates should exhibit a particularly
strong enhancement at longer wavelength (near infrared) excitation [115]. In general,
the electromagnetic enhancement mechanism is independent of the chemical nature
of the species, and is also expected to be the same for all vibrational modes. The ex-
istence of such large enhancement levels has been shown for both semiconducting and
metallic nanotubes [55]. The second enhancement mechanism, the charge-transfer or
chemical effect, strongly depends on the electronic structure of the nanotubes, and
this mechanism should sensitively differentiate between the very different 1D density
of states between the metallic and semiconducting nanotubes.
For Raman Stokes spectra within the semiconducting regime (Easer = 1.58 eV and
2.41 eV), no significant dependence of the SERRS spectra is observed on the metal
species (silver or gold) nor on the metal film thickness for a given Easer value. In
the semiconducting nanotube regime, all SERRS bands are enhanced by the same
amount, as expected from the electromagnetic enhancenlent mechanism.
For laser excitation energies within the metallic resonance window, however, we
observe an enhanced contribution to the SERRS spectra of the components associ-
ated with metallic nanotub)es (the 1540cm-' B--W--F comnl)onent and the 1580crn-1
Lorentzian oscillator). We explain this effect in termns of a charge transfer enhance-
ment, which is operative for the metallic nanotlubes, in addition to the strong elec-
tromagnetic field effect (liscussed above. The different behavior between the SERRS
spectra of metallic and semiconducting nanotubles arises from the ma jor differences in
their electronic structures, in their D density of states near the Fermi level, and from
their stronger electron-phonon coupling compared to semiconducting nanotubes.
It is well established that the chemical mechanism of enhancement can be de-
scribed as a resonant Raman effect involving electronic levels of the substrate and of
the adsorbed molecules as well. The chemical effect therefore depends on the occur-
rence of a resonance condition between the laser energy andl the energy separation of
the van Hove singularities in the 1D peaks of the electronic density of states of the
nanotube adsorbate, as modified by interaction with the metal substrate.
Furthermore, the selection rules for the charge transfer mechanism predict that
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modes with different symmetries and with different vibrational normal mode displace-
ments should behave differently, just as for the resonant Raman selection rules [21, 69].
In particular, totally symmetric modes are more likely to be enhanced through the
Franck-Condon mechanism in both SERS and resonant Raman spectroscopy (A-
term scattering) [19]. The fitted data in Fig. 7-6 indicate that the different tangential
G-band components identified with the metallic nanotubes are enhanced by differ-
ing amounts, with a preferential enhancement of the 1540cm-1 B--W-F component.
Both the RRS and SERRS spectra indicate that the strongly enhanced 1540cm-
B-W-F component is the one that is more likely to have predominantly Alg symme-
try, although we have also found that a thoroughly convincing identification awaits
definitive polarization measurements [94].
7.3.4 Breit-Wigner-Fano Coupling Mechanism
We could not conclude from any of the resonant Raman scattering experiments (Chap-
ters 4, 5, and 6) whether the B-W-F coupling of the phonon was to a multiphonon
or an electronic continuum. Because the SERS process greatly increases the B-W-F
line intensity, we can therefore conclude that the coupling mechanism resl)onsible for
the B-W-F linleshape is a surface-plasmon-based continuum. It is very apparent that
the presence of the conduction electrons at the Fermi level plays a crucial role in
the appearance of the B-W-F coupled lineshape for the SWNTs. It should be noted
that only the metallic forms of the curved carbon structures (C60 , SWNT) exhibit
the B-W--F lineshape, such as the 270 cm- l' Raman feature of K3C6 0 (1/q = -0.22)
[126], and the -1600cm- ' feature of alkali-metal doped SWNTs (1/q =-0.35) 93]
and metallic SWNTs (1/q-0.25) [51]. The Raman bands of the insulating formns
(undoped C60 and K6C6 0( [126], and semiconducting SWNTs) exhibit only Lorentzian
lineshapes. Our RRS and SERS experiments also show that the 7r-band free carrier
plasmon is at a photon energy lower than hwph,,n = 0.19 eV, based on the negative
sign of the 1/q coupling term in the B-W-F lineshape [34].
Even though the intensity of the tangential G-band from semiconducting SWNTs
is enhanced by 10 - 12 orders of magnitude [55] in the SERRS experiment, the
159
relative intensity of the Lorentzian oscillators in a fit to the G-band remain the
same for SERRS relative to normal resonant Raman scattering (RRS) [20]. But
for metallic SWNTs, not only is the intensity of the tangential G-band enhanced,
but the ratio I11540/II580 is also enhanced due to the chemical SERRS effect [20].
Figure 7-8(a,b) shows the anti-Stokes tangential G-band spectra (Elaser= 1.49eV)
collected while sample S3 was adsorbed on silver colloidal clusters [55]. Both alti-
Stokes tangential G-band spectra were fit with similar (metallic) lineshapes, although
the SERRS features are broader and the magnitude of the 1/q value is decreased
slightly relative to the corresponding RRS feature (Fig. 7-8). However, the intensity
ratio I1540/I1580 is larger for SERRS (2.21) than for RRS (0.75) (see Table 7.2). Also
the 1580 cm-' feature is enhanced bv the chemical SERRS effect. When the 1592 cm-' 
Lorentzian oscillator is used for normalization in fits to the Stokes tangential G-
band feature (Elaser =1.96eV) from sample S3 [see Fig. 7:6], the ratio 11.s80/1592
increases slightly from 0.9 (RRS) to 1.1 (SERRS using gold and silver island films).
The largest change still occurred for the 1540cm- ' B-W-F feature, with I1540/1592
increasing from RRS (3.5) to SERRS on gold (5.9) or on silver (7.2). The chemical
mechanism of SERRS enhancement can be described as a resonant Raman effect
involving electronic levels of the substrate and of the adsorbed SWNTs 20, 85].
Totally symmetric modes couple Iiostly to electronic excitations through a Franck--
Condon mechanism, and are most affected by both an RR.S process and the chemical
SERRS effect, and so the behavior of the two metallic components are consistent with
predominantly A (Alg) symmetry [20]. Because the SERRS process greatly increases
the B-W-F line intensity, we conclude that the coupling mechanism responsible for
the B-W--F lineshape relates to the r-electron plasma continuunm.
It is apparent that the presence of the conduction electrons at the Fermi level plays
a crucial role in the appearance of the B-W--F coupled lineshape for the SW\NTs. since
only the metallic forms of the curved carbon structures exhibit the B --W-F lineshape.
Our RRS and SERRS experiments also show that the r-band free carrier plasmon is at
a photon energy lower than hwphonon = 0.19 eV, based on the negative sign of the 1/q
coupling term in the B-W-F lineshape [34]. The free carrier plasma resonance (hwp)
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for graphite (calculated to be at 0.17eV, experimentally set at 0.3eV) [76], is higher
than hwp expected for metallic SWNTs (due to the nanotube's smaller carrier density
relative to graphite). The screened free carrier plasma resonance has been reported
to be thiJ = 0.15eV for multi-walled nanotubes [9], and below 0.2eV for SWNTs [92,
119]. There is no such coupling (i.e., a B-W-F lineshape) of the G-hand in graphite
to the collective excitations of the electron gas (plasmons), since the longitudinal
oscillations in the electron gas do not couple to the orthogonal in-plane vibrations in
graphite. However, the curvature of the nanotubes breaks the symmetry, and coupling
between the plasmons and the tangential G-band phonons with displacements in
the circumferential direction can occur. We find experimentally that the B-W-F
effect increases strongly with decreasing tube diameter (see Fig. 5-11), which supports
this interpretation. Lin et al. [67] have performed calculations of the low frequency
plasmons supported by an armchair carbon nanotube superlattice, and found acoustic
plasmons that transfer their momentum perpendicular to the nanotubes axis which
supports the argument for the differing amount of coupling of the two A (Alg) modes
from carbon nanotubes to the plasmons. In order to get more specific information
about the surface plasmons on the hollow morphology of the carbon nanotubes, future
calculations will be needed.
7.4 Conclusions
We have studied in detail the surface enhancement of resonance Raman scattering of
SWNTs on silver and gold nanostructures. By looking at small changes between the
RRS and SERRS spectra at various laser excitation energies for selected modes of the
metallic nanotubes, we have found a small (factor of 2) contribution of "chemical"
SERRS enhancement to the very strong total enhancement factor inferred in previous
work [55]. This finding is in agreement with RRS studies, which also show a stronger
electron-phonon coupling for the metallic nanotubes as compared to the semiconduct-
ing nanotubes. Therefore changes in the electronic states which appear through in-
teraction between the nanotubes and the metal substrate show up as changed SERRS
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conditions for observing the related phonon bands. In principle, the electronic states
for semiconducting nanotubes might also be changed by the interaction of the nan-
otubes with the metal. Wildder et al. have reported [124] an interaction effect (result-
ing in a shift of the electronic density of states) between carbon nanotubes in contact
with a smooth gold substrate in their STM/STS study of the electronic density of
states in carbon nanotubes. However, due to the weaker electron-phonon coupling
for semiconducting nanotubes, the surface interaction effect is too weak to be mon-
itored in the SERRS spectra of the semiconducting nanotubes, except through our
observations of a small upshift (13cm - ') in the G'-band frequency for serniconduct-
ing nanotubes, cornrpare(l to the larger (24 cm-') upshift for the metallic nanotubes.
Therefore, the fact that we did not find a charge transfer contribution to SERRS from
the tangential mode in the semiconducting nanotubes does not prove that there is no
electronic interaction between these tubes and the metal substrate. Because of the
weaker electron-phonon coupling in semiconducting nanotubes, SERRS is simply not
a sensitive enough tool to look for changes in their electronic states. But, our inde-
pendent probe of measuring the upshift of the G' band in SERS, indicates a stronger
interaction of the electronic states of the metallic nanotubes with the metal substrate
than for the semiconducting nanotubes. The selective enhancement of mnodes which
can be assigned to a totally symmetric mode (most significantly the 1540 cm-' Breit-
Wigner--Fano feature) is also in agreement with RRS and SERRS studies of molecules
[19].
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Chapter 8
Conclusions
8.1 Summary
Resonance Raman spectroscopy is an effective technique to probe not only the vi-
brational properties of carbon nanotubes, but also the electronic density of states,
because the photon-assisted electronic transitions between the van Hove singularities
in their 1-D electronic density of states results in a great increase in the Raman scat-
tering cross-section of nanotubes relative to bulk graphite. Through comparing and
contrasting the resonance Raman spectra of three different carbon nanotube samples,
I have been able to provide guidelines to the science community on how to interpret
the observed Raman spectra.
Resonance Raman spectroscopy for the first-order Raman spectra has identified
features with completely different types of resonant behavior, which serve to pro-
vide different types information about the nanotubes. Experimentalists now use the
frequencies of the radial breathing mode (RBM) feature to gauge the diameter distri-
bution of the carbon nanotubes in their samples, since for isolated single-walled nan-
otubes WRBM OC l/dt. The high frequency tangential G-band feature (1600 cm - ')
has been shown to provide information about the electronic density of states of the
carbon nanotubes, due to the resonant enhancement of the Raman band attributed
to metallic carbon nanotubes in a narrow laser excitation window when either the
incident laser or the scattered photon (or both) match the lowest energy allowed
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electronic transition [89]. Polarized Raman spectroscopy studies [44] identified the
symmetries [A (Al 9), El (El 9) and E2 (E2g)] of the various components of the Raman
tangential G-band feature attributed to the semiconducting nanotubes in the sample
[94].
Whenever the broad, downshifted Raman G-band features attributed to metallic
nanotubes have resonantly enhanced features in the Stokes window, these features
have appeared as a superposition along with resonant Raman G-band features at-
tributed to semiconducting nanotubes. By performing resonant Raman spectroscopy
in the anti-Stokes window, I identified an unusual Stokes vs. anti-Stokes asymme-
try due the 1-D electronic density of states of the carbon nanotubes causing com-
pletely different nanotubes being resonantly enhanced in the anti-Stokes and Stokes
windows, which highlights the very important role of the scattered photon in the
resonant Raman process. In performing resonant anti-Stokes Raman scattering, I
have devised a means of collecting the Raman tangential G-band spectra from the
metallic carbon nanotubes in our samples, completely devoid of those from semicon-
ducting nanotubes. As a result, I was able to perform detailed analyses (Lorentzian
oscillator vs. the Breit-Wigner-Fano lineshape) of the tangential "metallic" G-band
feature, and in doing so reduced the number of components needed to fit the metallic
band to only two (1580cm-1 and 1540cm-), and associated the various B-W-F
lineshapes with different degrees of coupling to a continuum. I highlight here the very
important role of curvature on the two different components of the tangential G-band
feature of metallic carbon nanotubes in that: (1) the frequency of the phonon mode
involving circumferential displacement of the carbon atoms ( 1540 cm- 1) appears at
lower frequencies than the modes involving displacements along the tube axis due to
the different force constants along the tube axis versus circumferentially, and (2) the
curvature of the nanotube lowers the symmetry and causes greater coupling of the
discrete phonon line to a continuum, resulting in a Breit-Wigner-Fano (interaction)
lineshape for the 1540 cm - ' peak. The higher frequency component (1580 cm - I) has
a Lorentzian lineshape and is identified with atom displacements along the tube axis,
which reproduce the situation in graphite and show no coupling to the continuum.
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The sign of the interaction parameter (1/q) from the Ereit-Wigner-Fano lineshapes
is negative, which indicates that the coupling is to a continuum with lower energy
than the discrete phonon line.
I have identified overtones and combination modes for the two dominant fea-
tures in the first-order spectra, the radial breathing mode (WRBM) and the tangential
mode (tang). These features in the second-order spectra have been identified with
the resonant Raman enhancement process arising from the 1D electronic density of
states. Just as for the case of the first-order spectra, the resonant contributions to
the second-order spectra also involve a different set of (n, n) nanotubes at each laser
excitation energy Elaer. A second-order analog is observed for the broad spectral
band identified with contributions from metallic nanotubes to the first-order tangen-
tial mode spectra. The unique feature of the second-order tangential overtone band
shows a larger Easer range over which the metallic nanotubes contribute. This effect
is attributed to the large (hwphonon 0.4 eV) energy of these phonons and can be ex-
plained within the framework of the energy dependence of the electron 1D density of
states. Combination modes associated with (tang + WRBM) and (wtang + 2 WRBM) have
been identified, and show behaviors as a function of Erar that are consistent with the
behavior of their first-order constituents, namely that different nanotubes contribute
to the spectra at each value of Elmer. Our results also indicate that the resonance
process (electron-phonon coupling) occurs more strongly for metallic nanotubes than
for semiconducting nanotubes. This increased electron-phonon coupling is evidenced
by the presence of the G' band and the second-order features at wMn + WRIM and at
mtng + 2RB Ml in the metallic anti-Stokes spectrum at 1.58eV, but their absence in
the 1.96 eV semiconducting anti-Stokes spectrum. The much better resolution of the
overtone of the radial breathing mode (2 x wnBM) feature in the Stokes window when
the incident laser energy is in the "metallic" energy window also indicates greater
electron-phonon coupling through a Franck-Condon mechanism involving the A-term
resonant Raman scattering process. These results also highlight the very important
role of the scattered photon in the second-order resonant Raman process for the carbon
nanotubes.
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We have studied in detail the surface enhancement of resonance Raman scattering
of SWNTs on silver and gold nanostructures. By looking at small changes between
the RRS and SERRS (surface-enhanced resonant Raman scattering) spectra at vari-
ous laser excitation energies for selected modes of the metallic nanotubes, we found
a relatively small contribution (factor of 102) of "chemical" SERRS enhancement to
the very strong total enhancement factor (factor of 1010 - 1012) inferred in previous
work [55]. This finding is in agreement with resonant Raman studies in the Stokes
and anti-Stokes spectra, which also show a stronger electron-phonon coupling for the
i/ metallic nanotubes as compared to the semiconducting nanotubes. Therefore changes
in- the electronic states which appear through interaction between the nanotubes and
the metal substrate show up as changed SERRS conditions for observing the related
phonon bands. Due to the weaker electron-phonon coupling for semiconducting nan-
otubes, the surface interaction effect is too weak to be monitored in the SERRS
spectra of the semiconducting nanotubes, except through our observations of a small
upshift (13 cm-') in the G'-band frequency for semiconducting nanotubes, compared
to the larger (24 cm- l) upshift for the metallic nanotubes. Therefore the fact that we
did not find a charge transfer contribution to SERRS from the tangential mode in
the semiconducting nanotubes does not prove that there is no electronic interaction
between these tubes and the metal substrate. Because of the weaker electron-phonon
coupling in semiconducting nanotubes, SERR.S is simply not a sensitive enough tool
to look for changes in their electronic states. But, our independent probe of measuring
the upshift of the G' band in SERS, indicates a stronger interaction of the electronic
states of the metallic nanotutbes with the metal substrate than for the semiconducting
nanotubes. Totally symmetric modes couple most strongly to electronic excitations
through a Franck-Condon mechanism (A-term), and are most affected by a resonance
Raman experiment and by SERRS, and so the behavior of both metallic G-band fea-
tures (1580cm-1 and -1540cm- l) is consistent with predominantly AIg symmetry.
The SERS experiments have also served to identify the nature of the continuum re-
sulting in the Breit-Wigner-Fano coupling as being electronic. We attribute this to a
coupling between the discrete phonon and the free carrier plasmons and this coupling
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is supported on metallic nanotubes. Since semiconducting nanotubes have a much
lower free carrier density, the free carrier plasmon coupling mechanism is not opera-
tive for semiconducting nanotubes. Independent measurements have set the plasma
resonance as occurring at an energy of - 0.15 eV in metallic SWNTs [92, 119], which
is consistent with the negative sign of the interaction parameter that I have observed,
indicating a coupling of the discrete phonon to a lower energy continuum.
8.2 Future Work
My thesis work has answered many of the questions that have been raised abollt car-
bon nanotubes, but there are still a number of new issues that nIeed to be adl(lressed in
future work on the nanotubes. The intensity dependence and composition of the low
frequency radial breathing mode feature (which is composed of WaHMB C 1/dt for any
carbon nanotube resonantly enhanced in the spectrum) as a function of El,,r has not
been satisfactorily explained. Polarization experiments need to be performed to verify
the that symmetry of the two Raman G-band features attributedl to metallic tubes are
indeed totally symmetric. \While the intensity of the D-band (1300 cr -l ') of other
sp2 carbons increase monotonically relative to the tangential G-band (1600 cmn-),
there is no explanation for the fact that for carlbon nanotubes the D-band intensity
(relative to the tangential G-band) incrcases by an order of magnitude when the
scattered photon is in the metallic resonance energy window. Even the second-order
features we tentatively attributed to combination bands (and other groups have at-
trlbuted to surface-plasmon-phonon coupling [48]) are better resolved in the Ramnran
spectra in this narrow metallic energy window and more experiments are needed to
explain the behavior of these combination bands as a fin:ction of the nanotube di-
ameter. Even though the second-order scattering at the K-point is a non-resonant
feature for other sp 2 carbons ( 2430 c(m-'), this featutlre is seen at a higher frequency
(N 2440 cm - ') when the scattered photon is in the metallic resonance window, than
when semiconducting nanotubes are in resonance ( 2420cm-1). The experimental
results from this thesis will contribute to the body of work needed to explain these
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different behaviors.
My thesis work has also pointed out directions for research study on carbon nan-
otubes. In performing Raman spectroscopy for the anti-Stokes process, one is able
to simultaneously probe completely different carbon nanotubes than for the Stokes
process: for example, at selected Elas,,,er it is possible for the anti-Stokes spectra to
show resonance only with metallic tubes and the Stokes spectra only with semicon-
ducting tubes, and vice versa. Therefore with a suitable choice of laser excitation
energy for a given sample of carbon nanotubes with a narrow diameter distribution,
such as E,,er=1. 4 9 eV for tubes with dt=1.49±0.2nm (see Fig. 5-6), one could intro-
duce dopants into the system or perform pressure experiments while monitoring the
effect of these perturbations on the tangential G-band of metallic an(l semiconduct-
ing nanotubes sequentially. Through Near-Field microscopy it is possible to image
an individual nanotube, lbut usually the amount of light is not enough to perform
spectroscopy on the same nanotube. Enhancement factors of 100° to 1012 have been
achieved from the surface-enhanced resonance Raman spectroscopy experiments on
carbon nanotubes [55]. These are very encouraging results and will eventually allow
the study of the Raman spectra of a single, well characterized and imaged carbon
nanotulbe. The answer to these questions I am slre will raise many mIore issues about
the carbon nanotubes, which have already been the subject of lot of research effort
over the last decade.
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